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I.  INTRODUCTION 


This  is  the  final  report  by  R M Schulz  Associates  ( RMSA ) to 
the  Corps  of  Engineers  (COE)  on  the  study  to  obtain  and  analyze 
river  tow  behavior  data.  This  report  describes  the  first  full- 
scale  tow  test  program  conducted  in  this  country  in  which  second- 
by-second  records  of  tow  position,  attitude,  rudder,  power,  and 
river  environment  parameters  are  obtained  and  analyzed.  The  study 
demonstrates  the  feasibility  of  using  off-the-shelf  position  fixing 
and  rudder  angle  recording  equipment  to  measure  the. dynamic  behavior 
of  river  tows.  Study  results,  based  on  analysis  of  over  6,500 
second-by- second  digital  records  of  42  test,  tow,  and  waterway 
parameters,  are  summarized  below. 


O Turns  at  half-power  through  90°  of  a 3250  foot  radius 
river  bend  with  a current  of  2.2  feet  per  second  show  that: 

• average  downstream  drift  angles  are  double  upstream 
drift  angles; 

• maximum  drift  angles  are  greater  than  20° ; and, 

• speed  loss  is  almost  30  percent  downstream  and  13 
percent  upstream. 

O Zig-Zag  maneuvers  at  full  power  using  about  10°  of  rudder 
show  that: 

• maximum  drift  angles  and  angular  velocities  are 
greater  upriver  than  downriver;  and, 

• speed  loss  is  at  least  7 percent  of  initial  speed. 
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O With  the  tow  moving  at  full  power  downriver,  the  minimum 
distance  required  to  perform  a "crash"  stop  is  at  least  two  tow 
lengths. 

O Speeds  will  fluctuate  from  15  to  37  percent  during  constant 
power,  straight  course  operation  due  to  steering,  current,  and 
river  bank  and  bottom  effects. 

O A 15  percent  port  and  starboard  power  imbalance  on  a 
twin  screw  towboat  requires  about  2°  of  rudder  angle  to  compensate. 

O Rudder  angle  measurements  indicate  that  centerline  stops 
for  the  steering  rudders  will  improve  underway  efficiency. 

O Computerized  tow  performance  data  obtained  from  this  study 
completely  describe  tow  motions  in  the  horizontal  plane  such  thati 

• yaw,  sway,  and  surge  parameters  may  be  used  in 
traditional  mathematical  models  of  tow  dynamics; 

• waterway  and  tow  parameter  interactions  may  be 
used  to  identify  waterway  design  anomolies;  and, 

• pilot  steering  responses  to  observed  accelerations 
may  be  used  to  evaluate  self-propelled  model  tests. 


I 
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1.1  Study  Background 


In  the  latter  part  of  November  1976,  a river  tow  owned 
and  operated  by  Exxon  Company  was  instrumented  and  a number 
of  trials  were  run  to  determine  the  tow's  speed-power,  fuel 
consumption,  and  maneuvering  performance.  The  tests  took  place 
in  the  Baton  Rouge  area  approximately  between  miles  230  and  235 
on  the  Lower  Mississippi.  The  test  program  was  initially  intended 
as  a series  of  straight-course,  speed  power  trials  over  a measured 
course  to  determine  the  propulsion  efficiency  of  Kort  nozzle  and 
open-wheel  propulsion  systems.  The  first  part  of  the  program  took 
place  in  November  using  a towboat  fitted  with  Kort  nozzles.  The 
second  part  of  the  program  was  to  use  a sister  design  without 
Kort  nozzles. 


The  November  test  program  format  was  later  expanded  to  include 
participation  by  RMSA  under  COE  sponsorship  to  record  and  analyze 
measurements  to  tow  position  and  steering  behavior.  The  primary 
reason  for  expanding  the  test  program  was  the  need  for  actual 
tow  behavior  data  to  validate  Waterways  Experiment  Station  (WES) 
model  testing  programs  and  improve  facility  engineering  and  design 
capability. 

The  Exxon  program  provided  a cost-effective  method  of  gain- 
ing experience  in  conducting  full-scale  tests  using  position  fixing 
equipment  to  obtain  measurements  of  tow  dynamics.  These  dynamic 
measurements  could  be  used  to  provide  mathematical  models  to  tow 
behavior  to  augment  WES  tank  test  programs  which  were  being  planned. 

1.2  Test  Program  Overview 

Figure  1 provides  an  overview  of  the  test  program  conducted 
by  RMSA  in  terms  of  its  three  principal  stages.  Stage  I was  the 
Pre-Trial  Planning  stage  in  which  program  organization,  test 
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Figure  1.  Tow  Test  Program  Overview 


instrumentation.,  and  parameter  measurement  techniques  were  defined. 
Stage  II  was  the  Trial  Measurement  stage  when  field  surveys, 
equipment  installation,  and  tow  trial  measurements  were  performed. 
Stage  III  was  the  Post-Trial  Analysis  stage  which  coded  the  test 
data  for  the  computer,  developed  computer  programs  to  process 
the  test  data,  and  analyzed  tow  and  program  performance. 

The  Stage  I planning  established  working  relationships  with 
the  other  test  participants  shown  in  Table  1.  Table  1 gives  the 
individual  participants  in  the  November  test  program,  their  organ- 
ization, and  their  primary  test  program  responsibility.  The 
Exxon  staff  in  Houston  was  primarily  responsible  for  organizing 
and  coordinating  the  tow  trial  activities  and  had  contracted  with 
Dravo  Corporation  to  measure  and  analyze  tow  horsepower  during 
the  trials.  Members  from  Exxon's  staff  were  to  measure  fuel  con- 
sumption during  the  trials  and  individuals  from  the  engine  manu- 
facturer, Fairbanks-Morse,  and  the  towboat  design  firm,  Hillman 
Barge  & Construction  Co.,  were  also  expected  to  participate. 


Table  1.  Principal  Test  Participants 


Organization 

Individuals 

Trial  Activity 

Exxon 

M.  Bennett 

A.  Olsen 

Trial  Program  Director 
Fuel  Measurement 

Dravo 

I . Douthwaite 

C.  Dilcher 

J.  Dagnall 

Power  Measurement 

N 

n 

Fairbanks-Morse 

E.  Fazende 

Engine  Measurement 

Hillman  Barge  4 Cons. 

E.  Shearer 

Observer 

(Towboat  Designer) 

RMS  A 

R.  Schulz 

B.  Schulz 

Steering/Position 

Measurement 

W 
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The  trial  activities  of  the  participants  were  reviewed  in 
discussions  between  WES  and  RMSA  to  establish  a tentative  list 
of  tow  performance  parameters  which  would  be  of  most  value  to 
future  WES  programs.  This  list  of  parameters,  shown  in  Table  2, 
was  then  used  to  identify  trial  measurement  responsibilities  and 
test  instrumentation,  equipment,  and  field  survey  requirements. 
Because  the  data  obtained  from  the  trials  were  to  be  computerized, 
the  parameters  in  Table  2 provided  a general  format  for  the  final 
data  file. 

The  requirement  for  geographic  measures  of  tow  position 
indicated  a need  for  shore  based  equipment  and  the  use  of  several 
types  of  electronic  and  visual  position  fixing  devices  were  con- 
sidered. The  Motorola  Miniranger  system  [l]  was  chosen  because 
it  could  be  readily  adapted  for  use  in  the  test  program.  Rudder 
measurements  were  limited  to  recording  steering  rudder  angles 
using  a potentiometer  connected  to  the  tiller  and  recording 
voltage  variations. 


Table  2.  Tow  Parameters  and  Data  Collection  Responsibilities 


t 
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The  Stage  II,  Trial  Measurement  activity  was  centered  in 
Baton  Rouge  where  the  trials  were  held.  A field  survey  was 
conducted  to  mark  sites  for  the  Miniranger  shore  equipment  and 
to  obtain  river  current  velocity  measurements  along  the  trial 
course.  Following  the  field  survey,  the  Miniranger  shore  units 
were  placed  at  the  surveyed  locations  and  readied  for  the  trials. 

The  trials  had  been  established  at  eight  test  runs  as  shown 
in  Table  3.  Test  equipment  was  placed  on  the  towboat  the  day 
before  the  trials  with  final  hook-ups  and  calibration  checks 
performed  just  prior  to  the  trial  runs.  The  trials,  which  lasted 
approximately  eight  hours,  followed  the  test  sequence  and  data 
recording  schedule  given  in  Table  3.  The  first  four  runs  were 
straight  course,  speed  power  runs  and  the  last  four  were  steering 
runs. 


Table  3-  Tow  Trial  Survey 


Measurements 

Trial  Run  Seauence 

HP 

RPM 

Fuel 

Rudder 

Position 

Straight  Course  Tests 

• 

1. 

Full  Power,  Upriver 

X 

X 

X 

X 

X 

2. 

Full  Power,  Downriver 

X 

X 

X 

X 

X 

3. 

3/4  Power,  Upriver 

X 

X 

X 

X 

X 

4. 

1/2  Power,  Downriver 

X 

X 

X 

X 

X 

Steering  Tests 

5- 

Zig-Zag,  Full  Power,  Upriver 

X 

X 

X 

X 

X 

6. 

Steady  Turn,  l/2  Power,  Upriver 

X 

X 

X 

X 

7. 

Var.  Turn,  1/2  Power,  Downriver 

X 

X 

8. 

Zig-Zag,  Full  Power,  Downriver 

X 

X 

X 

X 

X 

The  Stage  III,  Post-Trial  Analysis  activities  are  the  subject 
of  this  report.  Section  II  describes  the  physical  characteristics 
of  the  tow  used  in  the  trials.  Section  III  describes  the  geography 
of  the  trial  area  and  the  field  activities  undertaken  to  support 
the  tow  tests.  Section  IV  describes  the  instrumentation,  equip- 
ment, and  procedures  used  during  the  trials.  Section  V presents 
the  results  from  the  four  straight  course  runs  and  Section  VI  the 
results  from  the  four  steering  runs.  Sections  VII  through  X des- 
cribe the  analysis  undertaken  to  produce  a computerized  profile 
of  tow  dynamics.  Sections  VII  describes  the  computer  analysis 
required  to  transform  tow  position  measurements  into  parametric 
form  to  portray  tow  behavior.  Section  VIII  describes  the  rudder 
angle  data  processing  and  Section  IX  the  engine  measurement  data 
processing.  Section  X describes  the  development  of  the  waterway 
parameters  included  in  the  computerized  data  base.  Appendix  A 
gives  examples  of  the  computer  processing  activities  described 
in  Sections  VII  through  X and  Appendix  B contains  the  engine 
measurements  taken  during  the  trials. 
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The  tow  used  for  the  trial  was  an  integrated  oil  tow, 
owned  and  operated  by  Exxon  Company,  composed  of  four  (4) 
barges  with  a towboat,  the  EXXON  MEMPHIS,  astern.  The  lead 
barge  was  a single-skin  design  with  a modified  6cow  bow  and 
a square  stern.  The  two  (2)  intermediate  barges  were  single- 
skin, box  designs.  The  trailing  barge  was  also  a single-skin 
design  with  square  end  forward  and  shortened  scow  rake  at  the 
stern. 

Figure  2 shows  the  plan-view  arrangement  of  the  tow  in 
which  the  tow's  dimensions  are  given  together  with  the  place- 
ment order  of  barges  and  towboat.  The  lead  barge,  No.  321,  is 
equipped  with  a bow- thruster  unit.  The  two  lead  barges,  Nos. 

321  and  322,  and  the  two  trailing  barges,  Nos.  323  and  324,  and 
the  towboat  are  sized  as  separate  units  to  allow  making-up  as  a 
single  tow  for  single-locking  through  600  foot  by  110  foot  lock 
chambers. 

The  single- string  arrangement  shown  in  Figure  2 meant 
that  the  transverse  center  of  gravity  of  each  unit  was  located 
along  the  tow's  centerline  and  simplified  the  computation  of 
the  tow's  center  of  gravity.  Figure  2 gives  the  weights,  long- 
itudinal center  of  gravity, . and  surface  area  for  each  unit  and 
for  the  entire  tow.  During  the  tests,  the  barges  were  loaded 
to  a uniform  draft  of  9 feet  with  a cargo  of  12,630  short  tons 
of  Bunker  C.  The  resulting  loaded  displacement  of  the  barge 
string  was  15,040  short  tons.  With  the  towboat's  displacement 
of  779  short  tons  added,  the  tow  had  a total  displacement  of 
15,819  short  tons. 

The  primary  dimensions  and  capacities  of  the  towboat  are 
shown  in  Table  4 and  were  taken  from  plans,  drawings,  and 
documentation  furnished  by  Exxon  and  Dravo.  The  towboat's 
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Tow  Arrangement,  Weight,  and  Center  of  Gravity  Data 


principal  propulsion  characteristics  are  shown  in  Table  5* 

The  towboat,  EXXON  MEMPHIS,  used  in  the  tests  is  a moderate 
size  and  power  towboat  fitted  with  twin  screws  and  Kort  nozzles. 
Shaft  horsepower  is  in  the  3300  SHP  range  developed  by  2 
Fairbanks-Morse  diesel  engines.  A displacement  for  the  towboat 
of  779  short  tons  at  an  8* -10"  draft  was  maintained  during  the 
trials. 


Table  4 . EXXON  MEMPHIS  Dimensions  and  Capacities 


Dimensions 

Length,  Overall 

" , Design  Waterline 

Breadth,  Molded 

Depth,  Molded,  Main  Deck  at  side 
",  ",  Top  of  Headlog 

",  ”,  Top  of  Sternlog 

Draft,  Molded,  Design  Waterline 

”,  ”,  Load  Waterline 

Displacement,  Molded,  Fresh  Water  (8*-0”) 

” , ” , ” ” (8'-10" ) 

" , " , " " ( 9 • — 0 " ) 

Block  Coefficient,  Design  Draft 

Tank  Capacities 

Fuel  Oil,  8' -6"  Draft 
” " , Max. 

Engine  Lube  Oil 

Reduction  Gear  Lube  Oil 

Hydraulic  Oil 

Potable  Water 

Cleaning  Fluid 

Air  Filter  Oil 

Dirty  Lube  Oil 

Main  Engine  F.O.  Bleed 

Ballast 

Slop 

Sewage 


-0" 

-0" 

-0" 

-6" 

-0" 

-0" 

-0" 

-0" 

85  S.  Tons 


51,820  Gal. 

76,100  " 
1,015  " 

290  " 

350  " 

6,500  " 
175  " 
175  " 
260  " 
260  " 
8,000  " 
4,300  " 

4,300  " 


The  EXXON  MEMPHIS  is  powered  by  2 10  cylinder,  Fairbanks- 
Morse  Roots  Blown  engines.  Each  engine  is  rated  at  up  to 
1,667  brake  horsepower  at  750  RPM  with  reduction  gears  providing 
216  shaft  RPM  at  that  engine  speed.  The  shafts  are  inboard 
turning  at  the  top  when  the  engines  are  moving  ahead. 

Figure  3 shows  the  rated  performance  curves  for  these 
engines  with  shaft  horsepower  on  the  vertical  axis  and  engine 
and  shaft  RPM  on  the  horizontal  axis.  The  dashed  line  in 
Figure  3 shows  the  average  horsepower  developed  by  the  port 
engine  during  the  trials s the  dotted  line  shows  the  average 
starboard  engine  horsepower  [2]. 


Table  5.  EXXON  MEMPHIS  Propulsion  Data 


Engine  System 

2 Fairbanks-Morse,  10  Cylinder 

Model  10-38D8  l/8,  Roots  Blown  Diesels 
2 Western  Reverse  Reduction  Gears,  Model  RH27 

Propulsion  Characteristics 

Rated  Shaft  Horsepower 
Number  of  Shafts 
Rated  Engine  RPM 
Shaft  RPM  @750  ERPM 
Rated  Towing  Speed 
Gear  Ratio,  Ahead 
" " , Astern 

Propeller  Characteristics  (Kort  Nozzles) 

Diameter,  D 
Mean  Pitch,  P 
Pitch  Ration,  P/D 
Disc  Area 
Hub  Diameter 
Number  of  Blades 


12 


3,334  (1,667/shaft) 
2 

750 

216 

10.2  MPH 
3.47 
3.62 


7'-6" 

0.8823 

56.745  Sq.  Ft. 
i'-5i" 

4 
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Test  bed  data  indicates  that  these  engines  will  have 
specific  fuel  consumption  rates  ranging  from  O.36  to  0.40 
pounds  of  diesel  oil  per  brake  horsepower  hour.  This  rate 
applies  to  diesel  oil  with  19,630  BTU’s  per  pound.  Notei 
The  diesel  fuel  burned  during  the  trials  had  an  estimated 
18,400  BTU's  per  pound. 

The  above  horsepower  and  fuel  consumption  rates  are 
similar  to  the  General  Motors  16  cylinder,  Roots  Blower, 

645  Series  diesel  engine.  The  CM  engine,  which  is.  more 
common  on  the  waterways,  develops  approximately  10  percent 
more  power  and  has  a fuel  consumption  rate  ranging  from  0.38 
to  0.40  pounds  per  brake  horsepower  hour  C3]. 

Sections  V and  VI  of  this  report  discuss  the  differences 
noted  between  port  and  starboard  engine  horsepowers  during 
the  trials.  Discussion  of  the  fuel  consumption  measurements 
taken  during  the  trials  are  contained  in  Section  IV  of  this 
report. 


III.  TRIAL  COURSE  FIELD  ACTIVITIES 


The  trial  course  was  established  off  of  Baton  Rouge  as 
shown  in  Figure  4[4].  The  primary  trial  area  was  a straight, 
north-south  section  of  the  river  marked  by  three  ranges 
located  on  the  western  side  of  the  river.  The  secondary 
trial  area  was  the  river  bend  north  of  the  190  Bridge. 

Figure  4 provides  an  overview  of  the  trial  course  geography 
showing  the  principal  landmarks,  shore  reference  station 
(transponder)  locations  for  the  Miniranger  equipment,  and 
trial  course  range  markers.  These  points  are  labelled 
alphabetically  in  Figure  4 to  facilitate  the  discussions 
in  the  text. 

The  tallest  accessible  landmark  in  the  area  was  the 
State  of  Louisiana  Capitol  Building  located  on  the  east  side 
of  the  river  (A,  Figure  4 ).  Two  other  landmarks  useful  in 
defining  the  trial  area  geography  were  the  east  and  west 
support  towers  for  the  Gulf  States  Utilities  cable  crossing 
(B  and  C,  Figure  4 ). 

The  straight-course  portion  of  the  trial  area,  marked 
at  the  northern  end  by  the  Gulf  States  Utilities  cable 
crossing  towers,  extended  southward  2.041  miles.  Range 
markers  along  the  west  bank  marked  each  end  of  the  course  and 
an  intermediate  point  0.987  miles  below  the  north  range 
(shown  by  dashed  lines  in  Figure  4 ).  The  trial  area 
extended  from  river  mile  230.8  to  232.8  along  a true  course 
of  359 °56'  northbound. 

The  river  bend  north  of  the  190  Bridge  was  the  second 
trial  area  established  to  measure  the  tow's  path  and  behavior 
when  negotiating  turns.  This  area  was  marked  by  the  placement 
of  two  transponders  shown  as  E and  F in  Figure  **. 


Trial  Course  Geography 


Wilkinson  Point 
Bend  Trial  Area 


A Landmarks 
© Transponders 


Straight  Course 
Trial  Area 


Hoftdoia  j Rood 


ON  ROUGE 


,c<Uf  <M  rrtT 

O /•*><>  4UOO 


Both  trial  areas  presented  major  physical  problems. 

In  particular,  the  lack  of  high  elevations  with  unobstructed 
views  of  the  river,  the  long  and  relatively  narrow  test 
course,  and  the  numerous  steel  structures  such  as  piers, 
bridges,  towers,  and  cranes  all  represented  serious  con- 
straints to  the  use  of  line-of-sight,  shore  based,  distance 
ranging  equipment.  In  order  to  meet  these  constraints,  several 
compromises  had  to  be  adopted  to  ensure  that  sites  chosen  for 
the  Miniranger  equipment  would  allow  the  equipment  to  function. 

The  primary  factors  considered  in  placing  the  shore 
transponders  werei 

1)  Each  transponder  needed  a clear  line-of-sight 
to  the  antennas  on  the  tow. 

2)  Two  transponder  signals  (ranges)  were  required 
at  the  tow's  antenna  to  fix  its  position. 

3)  The  3 meter  accuracy  of  the  Miniranger  system 
indicated  that  the  intersecting  angle  between  signals  from 
two  transponders  should  be  greater  than  30°  and  less  than 
150°  (optimally  90°). 

4)  Each  shore  transponder  needed  to  be  .positioned 
so  that  the  tow's  omnidirectional  antenna  would  fall  without 
a 75°  horizontal  arc. 

5)  The  placement  of  the  four  transponders  also 
considered  their  relative  security  from  theft.  Transponder 
4 was  only  accessible  by  boat  while  Transponders  1,  2 and  3 
were  placed  on  property  where  24  hour  security  arrangements 
existed . 

During  the  pre-trial  survey  activity,  several  photographs 
of  the  trial  area  were  taken  to  assist  in  evaluating  alter- 
native sites  for  the  shore  transponders.  These  photographs, 


together  with  Figure  A , are  uaed  in  the  following  text  to 
describe  problems  posed  by  the  use  of  the  Miniranger  equipment. 


Early  in  the  planning  it  became  clear  that-  the  place- 
ment of  the  shore  transponders  would  have  to  consider  the 
waterway  segments  north  and  south  of  the  190  Bridge  as  two 
distinct  trial  areas  due  to  the  signal  reflecting  character 
of  the  bridge.  Figures  5 , 6 , and  7 were  photographs 

taken  of  the  river  segment  below  the  190  Bridge  from  the 
Transponder  1 site  on  the  Capitol  Building  (A,  Figure  A ), 
counter-clockwise  from  north  to  south. 

Figure  5 shows  the  northern  portion  of  the  straight 
trial  course  with  Arrow  1 pointing  toward  the  Exxon  pier 
located  on  the  east  bank.  Arrow  2 points  toward  the  approxi- 
mate location  of  the  mid-course  range  markers  on  the  west 
bank.  Arrow  3 shows  a tow  moving  upriver  about  500  feet  off 
of  the  east  bank  which  was  continually  visible  over  the 
entire  trial  course.  During  the  trials,  however,  the  Exxon 
pier  structure  (Arrow  1)  apparently  reflected  signals  from 
the  antenna  located  on  the  bow  of  the  tow  and  caused  erron- 
eous range  readings  to  be  recorded. 

Figure  6 is  a photograph  of  the  southern  half  of  the 
trial  course  showing  a clear  expanse  of  river  where  no  signal 
reflection  problems  were  encountered.  Figure  7 shows  a 
one  mile  segment  of  the  river  north  of  the  1-10  Bridge  which 
was  used  as  an  approach  and  turning  area  during  the  tow  trials. 
Arrow  1 in  Figure  7 shows  the  dock  area  where  the  towboat 
was  tied-up  prior  to  the  trials  and  where  the  test  partici- 
pants boarded  the  towboat  to  install  the  instrumentation  prior 
to  the  trials.  The  ship  anchored  in  the  river  (Arrow  2)  shows 
the  approximate  point  where  the  tow  was  accelerating  for  the 
northbound  trial  runs. 


Northern  section  of  the 
straight  trial  course  as 
viewed  from  the  Capitol 
Building,  Transponder  1 
site.  Arrow  1 is  the 
Exxon  pier.  Arrow  2 
shows  a tow  moving 
upriver. 


Southern  section  of  the 
straight  trial  course  as 
viewed  from  the  Transponder 
1 site. 


River  section  south  of  the 
straight  trial  course  as 
viewed  from  the  Transponder  1 
site.  Arrow  1 shows  the  dock 
where  the  towboat  was  moored 
prior  to  the  trials.  Arrow 
2 shows  the  area  where  the 
tow  began  accelerating  for 
the  northbound  runs. 


Figure  5 , 6 , and  7 together  show  the  generally 

favorable  panoramic  location  provided  by  the  Capitol  Building 
as  a site  for  the  Number  1 transponder.  Placing  the  Number  1 
transponder  at  this  location  required  that  the  -transponder 
accept  signals  from  a horizontal  arc  greater  than  75°.  This 
constraint  was  overcome  by  stationing  an  individual  on  the 
Capitol  Building  to  aim  the  transponder  during  the  trials.  The 
on-site  manning  requirement  applied  only  to  the  Number  1 
transponder.  The  other  transponders  were  directionally  fixed 
when  placed  on-site. 

A review  of  geodetic  maps  of  the  area,  together  with  the 
visual  survey,  indicated  that  a second  transponder  should  be 
located  along  the  east  bank,  close  to  the  water,  and  north 
of  the  cable  crossing.  Such  a sxte  was  found  on  the  Allied 
Chemical  property  where  it  was  possible  to  obtain  bearings 
of  the  three  reference  landmarks — the  Capitol  Building  and 
east  and  west  Cable  Crossing  Towers. 

Figures  8 , 9 , and  10  are  photographs  of  the  river 

taken  from  the  Transponder  2 location — counter-clockwise, 
north  to  south.  Figure  8 shows  the  river  segment  between 
the  Number  2 transponder  and  the  190  Bridge.  The  middle  span 
of  the  190  Bridge  (shown  by  the  arrows)  was  the  course  later 
followed  by  the  tow  when  moving  between  the  straight  course 
and  bend  trial  areas. 

Figure  9 shows  the  river  segment  around  the  north  range 
markers.  Arrow  1 points  toward  the  west  Cable  Crossing  Tower 
which  was  used  as  a survey  reference  point  (C,  in  Figure  4 )i 
Arrow  2 points  toward  the  approximate  location  of  the  north 
range  marker. 


Figure  8 . ^ 

River  section  between 
Transponder  2 and  190  Bridge 
looking  northwa-d  to  the 
bend  as  viewed  i'rom  Trans- 
ponder 2.  The  arrows 
indicate  the  center  span 
where  the  tow  passed  when 
moving  between  trial  areas. 


Figure  10 


Trial  course  south  of 
Transponder  2 as  viewed 
from  Transponder  2.  Arrow 
1 points  toward  the  Allied 
Chemical  dock.  Arrow  2 
points  to  the  Exxon  pier. 


M Figure  9 . 

River  section  around  the 
north  range  marker  on  the 
west  bank  as  viewed  from 
Transponder  2.  Arrow  1 
shows  the  west  Cable 
Crossing  Tower.  Arrow  2 
shows  the  location  of  th< 
north  range  mark. 


Figure  10  shows  the  test  course  south  of  the  Number  2 
transponder  with  the  Allied  Chemical  bulk  loading  facility 
indicated  by  Arrow  1.  Arrow  2 points  toward  the  Exxon  pier 
structure.  A clear  line-of-sight  was  established  between 
the  Number  2 transponder  and  the  tow  from  1-10  Bridge  north 
to  the  190  Bridge. 

The  trial  area  north  of  the  190  Bridge  around  Wilkinson 
Point  bend  posed  several  problems  in  determining  sites  for 
the  transponders.  The  river  banks  were  overgrown  with  large 
trees  and  shrubs  and  there  were  few  tall  buildings  or  struct- 
ures available  to  serve  as  elevated  locations  for  the  Number 
3 and  4 transponders  (E  and  F,  Figure  4 ).  Because  of  this 
topography,  the  Stauffer  Chemical  Dock,  located  approximately 
£ mile  north  of  the  190  Bridge  was  chosen  for  the  Number  3 
transponder  (E,  Figure  4 ).  The  Number  4 transponder  (F, 
Figure  4 ) was  located  to  provide  the  greatest  area  of 
signal  coverage  around  the  bend. 

Figures  11  and  12  are  photographs  taken  of  the  bend 
area  from  Transponder  3 on  the  Stauffer  pier.  Arrows  in 
each  figure  point  approximately  toward  Transponder  4 on  the 
north  bank.  The  problems  encountered  in  placing  these  two 
transponders  are  typical  of  those  to  be  expected  in  most 
bend  areas.  For  instance,  it  was  impossible  to  satisfy  the 
constraints  with  regard  to  having  the  intersecting  angle 
between  Transponder  3 and  4 signals  greater  than  30°  and  less 
than  150°.  Moreover,  the  lack  of  transponder  elevation  caused 
signals  to  the  tow's  bow  antenna  to  be  screened  by  the  tow- 
boat superstructure  at  various  times  during  bend  transits. 
Also,  the  trees  and  shrubbery  on  the  inside  of  the  bend 
prevented  Transponder  3 signals  from  reaching  the  tow  antennas 
when  upriver  of  the  bend. 
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Figure  1 1. 


I 


Eastern  section  of  the 
bend  area  looking  north 
from  Transponder  3.  The 
arrow  points  toward  the 
approximate  location  of 
Transponder  4. 


4 Figure  12. 

Wilkinson  Point  bend  area 
as  seen  from  Transponder  3. 
Arrow  1 indicates  Wilk- 
inson Point.  Arrow  2 
points  toward  the  Trans- 
ponder 4 site. 


3.1  Transponder  Survey  Results 

The  pre-trial  survey's  major  objective  was  to  define 
geographic  coordinates  for  the  shore  reference  stations 
(transponders)  used  to  obtain  tow  position  measurements 
during  the  trials.  Each  transponder  site  was  surveyed  to 
obtain  triangulation  data  from  which  the  transponders ' s 
geographic  position  was  determined. 
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The  photographs  in  the  preceding  text  indicate  a number 
of  potential  landmarks  along  the  river  which  could  have  been 
used  to  obtain  cross-bearings.  However,  only  three  of  the 
landmarks  with  known  geographic  coordinates  were  visible 
from  each  transponder  site.  These  three  landmarks  were  xhe 
State  of  Louisiana  Capitol  Building  and  the  east  and  west 
towers  of  the  Gulf  States  Utilities  Cable  Crossing  shown  in 
Table  6. 


Field  surveys  such  as  this  often  use  both  distance  and 
angular  measuring  devices  to  derive  a complete  coordinate 
mapping  of  a test  area.  This  survey  method,  while  more 
accurate,  was  clearly  outside  the  scope  of  the  project.  As 
a result,  the  field  survy  relied  solely  upon  bearings  taken 
of  previously  surveyed  landmarks  whose  coordinates  were 
tabulated  by  the  National  Geodetic  Survey  [5]- 

Initially,  the  test  program  had  intended  to  develop 
tow  positions  based  upon  the  latitude  and  longitude  of  the 
transponders.  However,  a more  appropriate  geographic 
representation  for  this  test  program  w&s  an  X,Y  plane  coordi- 
nate system  defining  a grid  with  Y positive  north.  The 
National  Geodetic  Survey  publishes  tables  for  each  state  to 
convert  latitude  and  longitude  data  into  earth- surface , plane 
coordinate  data  in  feet  [6], 

Horizontal  bearings  of  each  of  the  three  landmarks 
were  taken  from  each  transponder  site.  These  bearings, 
together  with  the  known  distances  between  each  landmark, 
provided  the  necessary  survey  data  to  compute  the  X,Y  grid 
position  of  each  transponder  shown  in  Table  6 using  the 
"three-point  resection"  technique  [?].  Table  6 also  shows 
the  distance  in  feet  between  each  of  the  survey  points. 
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Table  6*  Test  Course  Reference  Points,  Coordinates  and  Distances 


Latitude 

Longitude 

Landmark 

(North) 

(West ) 

Capitol  Dome 
East  Power  Tower 
West  Power  Tower 


Survey  Points 

A . Capitol  Dome 
A'  . #1  Transponder 
B . East  Power  Tower 
C . West  Power  Tower 
D . # 2 Transponder 
E . #3  Transponder 
F . #4  Transponder 


30°-27,-29.294" 

30°-29,-29.c94” 

30o-29'-29.235" 


90°-ll'-l4.186" 
91°-ll,-26.86?" 
91°-12' -09. 688" 


Lambert  Plane  Coordinates 


2046021.62 
2045992.47 
2044896.07 
2041149.49 
2044145 . 00 

2043521.09 
2040900.34 


651035.54 

651053.21 

663617.92 

663607.50 

666148.28 
671221.99 

675822.29 


Distances 


34.09 

12,632.62 

13,483.02 

15,228.81 

20,340.73 

25,310.28 

15,207.70 

20.319.63 

25,287.09 

3,746.59 

2,639.47 

7,727.38 

12,841.83 

3,927.93 

7,975-27 

12,217.33 

5,111-93 

10.203.64 
5,294.44 


3.2  Current  Measurements 


Current  measurements  were  taken  at  two  locations  prior 
to  the  tow  trials.  The  first  measurements  were  taken  south 
of  the  190  Bridge  between  the  bridge  and  the  north  range 
markers  and  the  second  in  the  Wilkinson  Point  bend  area  north 
of  the  190  Bridge. 

Orange  floats  cut  from  blocks  of  polyurethane  foam 
(approximately  8"  x 18"  x 24”)  were  attached  to  weights  at 
the  end  of  9 foot  lines  to  act  as  drags.  The  length  of  line 
was  used  to  make  each  float  respond  to  both  surface  and  sub- 
surface currents  to  approximate  current  effect  on  a tow 
with  a 9 foot  draft.  Each  float  was  uniquely  marked 
so  that  it  could  be  easily  identified  from  shore. 

The  first  set  of  current  measurements  were  obtained 
south  of  the  190  Bridge  using  two  floats.  The  floats  were 
dropped  south  and  west  of  the  center  bridge  pillars  and  a 
theodolite,  located  at  the  Number  2 transponder  site,  was 
used  to  take  bearings  as  the  floats  drifted  downriver  with 
the  time,  vertical  angle  and  horizontal  angle  noted. 

At  the  time  the  current  measurements  were  taken,  a 
10-15  mph  WNW  wind  was  blowing.  It  was  initially  felt  that 
this  wind  and  wave  pattern  accounted  for  the  eastward  drift 
of  the  floats.  However,  a review  of  Corps  of  Engineers' 
furnished  charts  giving  river  depth  indicated  that  the  natural 
! current  path  was  probably  very  close  to  the  one  portrayed  by 

[ the  track  plotted  for  each  float  and  the  wind  impact  upon 

current  velocity  was  ignored. 
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The  times  and  distances  when  plotted  showed  that  the 
current  averaged  2.9  feet/second  for  the  float  to  the  west 
and  2.7  feet/second  for  the  float  to  the  east.  Because  the 
western-most  float  should  have  had  a greater  velocity,  this 
indicated  measurement  errors  on  the  order  of  0.2  to  0.3 
feet/second.  An  average  current  of  2.8  feet/second  (1.9  mph) 
was  assumed  for  this  segment  of  the  river  in  later  data 
processing  activities. 

The  second  set  of  current  measurments  were  taken  in 
the  channel  of  Wilkinson  Point  bend  from  the  Number  4 trans- 
ponder site.  Three  floats  were  dropped  upriver  of  Transponder 
4 and  sightings  of  each  float  were  made  as  they  drifted  down- 
river around  the  bend. 

The  paths  of  the  three  floats  were  plotted  with  the 
northern-most  float  showing  an  average  current  velocity  of 
2.1  feet/second,  th^  middle  float  2.4  feet/second,  and  the 
southern-most  float  2.1  feet/second.  These  three  current 
velocities  were  then  averaged  and  a current  velocity  of  2.2 
feet/second  (1.5  mph)  was  used  as  the  mid- channel  current 
velocity  in  later  processing  of  the  trial  data. 


; 
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IV.  TRIAL  MEASUREMENTS,  INSTRUMENTATION,  AND  PROCEDURES 

The  measurements,  instruments  and  procedures  for  the  tow 
trials  are  described  in  this  section  with  primary  emphasis  on 
tow  position  and  rudder  angle  measurements  directed  by  RMSA. 

Horsepower  and  propeller  RPM  measurements  were  obtained 
by  Dravo  personnel  using  Maihak  torsionmeter  equipment  [2]. 

The  horsepower  measurements  were  obtained  from  strain  gauges 
installed  on  each  propeller  shaft  aft  of  the  reduction  gears. 
These  gauges,  which  provided  shaft  torque  measurements,  were 
calibrated  prior  to  the  trials  for  each  shaft  at  the  zero- 
load  point.  During  the  trials,  torque  readings  for  each  shaft 
were  obtained  at  about  one  minute  intervals  with  the  revolu- 
tions and  time  of  each  torque  measurement  noted.  Measurements 
for  each  triaj.  run  were  started  and  stopped  on  signal  from 
the  pilothouse.  These  data  were  compiled  and  analyzed  by 
Dravo  personnel  after  the  trials.  This  data  was  furnished 
to  RMSA  for  inclusion  in  the  computerized  data  base  and  was 
listed  in  Appendix  B. 

Fuel  consumption  measurements  were  taken  by  Exxon 
personnel  during  the  trials  by  connecting  the  fuel  intake 
lines  of  each  engine  to  separate  barrels.  The  fuel  in  each 
barrel  was  weighed  at  the  start  and  completion  of  each  test 
run  with  the  weight  difference  being  the  fuel  consumed  by 
each  engine  over  the  measured  time  interval.  The  fuel 
consumed  divided  by  the  total  power  developed  by  each  engine 
over  the  time  interval  gave  specific  fuel  consumption  in 
pounds  per  brake  horsepower-hour.  The  fuel  oil  used  during 
the  trials  had  approximately  18,400  BTU's  per  pound  and 
weighed  about  7 pounds  per  gallon. 
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4.1  Rudder  Angle  Measurement 


Steering  activity  was  measured  by  recording  only  the 
movement  of  the  steering  rudder  (flanking  rudder  movement  was 
not  recorded).  Because  the  port  and  starboard  steering 
rudders  were  mechanically  connected  in  parallel,  it  was  only 
necessary  to  measure  the  movement  of  one  of  the  rudders. 

The  rudder  measurement  arrangement,  shown  in  Figure  13, 
recorded  voltages  from  a potentiometer  connected  to  the 
steering  system. 


A six-foot  wire,  linear  potentiometer  was  mounted  on 
the  hydraulic  ram  connected  to  the  tiller  (A,  Figure  13). 
The  wire  from  the  potentiometer  was  run  along  the  center- 
line  of  the  hydraulic  ram  in  such  a manner  as  to  achieve 
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a one-to-one  linear  correspondence  between  ram  extension  and  wire 
travel.  The  voltage  source  for  the  potentiometer  was  a six- volt 
lantern  battery.  Output  from  the  potentiometer  was  fed  to  a 
strip-chart  recorder  which  recorded  rudder  angles  as  voltage 
variations  (B,  Figure  13). 


Figure  14  is  a photograph  showing  the  potentiometer  connected 
rigidly  to  the  hydraulic  ram  cylinder  with  the  wire  run  to  the 
tiller.  Figure  15  is  a photograph  showing  the  two  channel 
strip-chart  recorder  used  during  the  trials.  The  photograph 
shows  the  recorder  cushioned  to  reduce  deck  vibration  and 
grounded  to  prevent  electrical  distortion. 


^ Figure  15. 

This  figure  shows  the  two 
channel  recorder  used 
to  record  voltages  during 
the  trials.  The  recorder 
was  cushioned  by  2-3  inches 
of  cloth  and  electrically 
grounded . 


Figure  14. 


The  potentiometer  is  shown 
clamped  to  the  hydraulic  ram 
cylinder  with  the  wire  connected 
to  the  tiller  arm.  Arrow  1 
points  toward  the  potentiometer. 
Arrow  2 shows  the  potentiometer 
wire  connected  at  the  tiller 
arm  and  hydraulic  ram  linkage 
pin. 
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After  the  recorder  and  potentiometer  were  connected,  the 
rudder  was  ^ung  from  amidships  to  hard  over  in  each  direction 
to  calibrate  the  device.  The  calibration  voltages  and  rudder 
angles  were  later  used  to  develop  an  equation  for  translating 
voltage  measurements  into  rudder  angles.  This  equation  is 
given  in  Section  VIII  along  with  an  example  of  the  voltage 
recording  obtained  during  the  trials.  It  is  estimated  that  the 
rudder  angle  measurements  obtained  during  the  trials  were 
accurate  to  ^ 0.2°. 

An  interesting  problem  arose  during  the  rudder  angle  voltage 
calibration  activity.  The  pilot  had  difficulty  bringing  the 
rudder  into  an  amidship  alignment  which  indicated  that  the 
rudders  were  probably  not  amidships  underway  when  the  pilot 
intended  them  to  be.  If  such  were  the  case,  oversteering  and 
reduced  linehaul  towing  efficiency  would  result. 

As  a result  of  the  amidship  alignment  difficulty  observed 
during  the  steering  system  calibration,  Exxon  directed  that 
centerline  stops  be  installed  on  their  towboats.  The  need  for 
such  a device  was  substantiated  after  the  trials  by  the  rela- 
tively frequent  occurrence  of  small  port  and  starboard  rudder 
angles  when  it  was  likely  that  the  pilot  actually  intended  the 
rudder  to  be  amidships. 

4.2  Tow  Position  Measurement 

Tow  positions  along  the  waterway  were  recorded  by  using  two 
Motorola  Miniranger  II  systems  Ll].  Each  Miniranger  system 
provided  fixes  by  measuring  the  range  in  meters  between  two 
electronic  reference  stations  (transponders)  located  ashore  and 
an  omnidirectional  antenna-receiver  unit  located  on  the  vehicle. 
The  receivers  provided  updated  range  measurements  at  usjr  select- 
able time  intervals  with  an  accuracy  of  - 3 meters  (one  standard 
deviation)  when  the  signals  formed  an  angle  greater  than  30°  and 
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less  than  150°.  A digital  printer  was  attached  to  the  receiver 
to  record  time  and  distances. 

Because  each  antenna-receiver- printer  unit  recorded  its 
position  relative  to  two  £~.cwn  transponder  locations,  two  units 
on  the  tow  provide  simultaneous  positions  which  define  the  tow’s 
attitude  in  the  waterway,  -he  plan  view  of  the  tow  shown  in 
Figure  16  gives  the  separation  between  the  pilothouse  antenna 
(P)  and  bow  antenna  (B).  This  large  separation  distance  reduces 
the  impact  of  position  measurement  errors  on  tow  attitude  com- 
putations. Figure  16  also  shows  the  Miniranger  antenna  locations 
in  relation  to  the  center  cf  gravity  (CG)  along  the  centerline. 
Both  antennas  are  on  the  port  side  of  the  tow’s  centerline  and  are 
separated  by  1,038  feet. 


Figure  16.  Miniranger  Antenna  and  Center  of  Gravity  Relationships 
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Figure  17  is  a side  view  of  the  towboat  showing  the  location 
of  the  antenna  (A)  and  receiver  units  (B).  The  antenna  is  shown 
suspended  from  a line  between  radar  and  light  masts  and  connected 
to  the  receiver- printer  inside  the  pilothouse.  Locating  the 
antenna  in  this  fashion  placed  the  unit  below  the  radar  antenna 
and  relatively  clear  of  adjacent  structure. 


Figure  17.  Miniranger  Equipment  Location  on  Towboat 


Figure  18  is  a photograph  taken  of  the  Miniranger  antenna 
on  top  of  the  pilothouse  looking  forward  on  the  tow.  The  arrow 
in  the  photograph  indicates  the  antenna  location  approximately 
four  feet  above  the  deck.  Figure  19  is  a photograph  showing  the 
Miniranger  receiver  and  printer  units  located  in  the  pilothouse. 


The  Miniranger  antenna  is 
shown  on  top  of  the  pilothouse 
The  arrow  points  toward  the 
antenna  and  shows  it  supported 
about  four  feet  above  the 
pilothouse  roof. 


The  Miniranger  receiver 
located  in  the  pilothouse  is 
shown  by  Arrow  1.  Arrow  2 
points  toward  the  printer 
unit. 


The  Miniranger  unit  on  the  lead  barge  was  located  as  shown 
in  Figure  20.  The  antenna,  shown  as  A,  was  located  on  top  of 
the  bow  thruster  house  to  be  free  of  surrounding  structure.  The 
receiver  and  printer,  shown  as  B,  could  not  be  placed  inside 
and  were  located  on  wooden  grating  aft  of  an  above-deck  oil 
tank  to  give  as  much  shelter  as  possible.  Because  of  their 
exposed  position,  however,  data  was  recorded  less  frequently 
to  avoid  the  possibility  of  having  to  replace  the  paper  in  the 
printer  unit  while  underway. 


Figure  20.  Plan  View  of  Miniranger  Equipment  on  Lead  Barge 
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Tow  position  measurements  were  recorded  at  1 second  intervals 
by  the  pilothouse  unit  and  at  2 - 4 second  intervals  by  the  bow 
unit  with  examples  of  these  data  given  in  Table  17  , Section  7.1. 
Prior  to  the  trials,  the  clock  in  the  pilothouse  receiver  was  set 
to  local  Baton  Rouge  time.  The  time  maintained  by  the  pilot- 
house unit  was  used  as  the  base  time  during  the  trials  and  the 
rudder  angle  recorder  and  bow  Miniranger  were  both  set  to  the 
time  given  by  the  pilothouse  Miniranger  unit. 

4.3  Trial  Procedures 

Eight  separate  runs  were  made  during  the  tow  trials  as 
given  in  Table  3 , Section  I.  The  first  four  were  straight 
course,  speed- power  runs  over  the  test  course  south  of  the  190 
Bridge.  The  next  four  steering  runs  were  to  record  tow  responses 
during  zig-zag  maneuvers  and  turns  around  Wilkinson  Point  bend. 

Prior  to  the  trials,  the  EXXON  MEMPHIS,  without  the  barges 
attached,  made  a run  over  the  straight  test  course  to  familarize 
the  pilots  and  test  personnel  with  the  location  of  the  three 
range  marks,  approximate  test  run  duration,  and  data  recording 
sequence.  This  run  also  provided  an  opportunity  to  check  the 
operation  of  the  transponders  on  shore  which  had  been  placed 
in  the  field  up  to  two  days  earlier.  This  preview  run  was  most 
important  because  the  trials  t^ok  place  at  night  when  unfamilar 
shore  marks  would  have  been  difficult  to  recognize. 

After  the  preview  run,  the  test  participants  discussed  the 
trial  run  sequence,  time  between  trial  runs  required  to  ready 
the  equipment  and  turn  the  tow,  and  possible  navigation  and 
traffic  problems.  The  trial  run  sequence  was  set  to  begin  with 
four  speed-power,  straight  course  runs  over  the  area  marked  by 
the  three  ranges.  After  each  of  these  runs,  the  tow  would  be 
turned  with  the  aid  of  another  Exxon  towboat  and  positioned  so 


that  there  was  ample  distance  to  reach  a constant  speed  during 
the  approach  to  the  first  range  mark. 

Following  the  fourth  (downriver)  straight  course  run,  the 
steering  trials  would  begin  with  a full-power,  zig-zag  run 
upriver  with  the  first  rudder  deflection  occurring  when  abeam 
the  south  range.  The  tow  would  then  continue  uprj.ver  for  the 
second  steering  test,  a constant  rudder  angle  turn  at  half-power 
around  the  bend.  After  the  tow  was  turned  the  third  steering 
run  would  be  a downriver  half-power  run  negotiating  the  bend. 

The  tow  would  continue  downriver  for  the  fourth  steering  run, 
a full-power,  zig-zag  test  with  the  first  rudder  deflection 
occurring  when  abeam  the  north  range  mark.  Each  of  the  four 
steering  runs  were  made  contingent  upon  having  favorable  traffic 
and  maneuvering  conditions. 

Trial  activities  were  directed  from  the  pilothouse  by 
M.  Bennett  of  Exxon  who  worked  with  the  pilot  in  coordinating 
the  tow  movements  for  each  run  and  with  A.  Olson  in  obtaining 
fuel  measurements.  I.  Douthwaite  of  Dravo,  stationed  in  the 
pilothouse,  directed  and  timed  the  power  and  RPM  measurements 
obtained  by  Mssrs.  Dilcher  and  Dagnall  in  the  engine  room. 

R.  Schulz  of  RMSA,  also  stationed  in  the  pilothouse,  operated 
the  Miniranger  and  rudder  angle  recorders  on  the  towboat. 

B.  Schulz  of  RMSA  operated  the  Miniranger  unit  on  the  bow  of 
the  tow.  The  telephone  and  intercom  systems  on  the  tow  were 
used  to  maintain  communication  between  the  pilothouse,  engine- 
room,  and  bow. 


V.  STRAIGHT  COURSE  TRIAL  RESULTS 
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This  section  describes  the  first  four'  runs  over  the  straight 
course  shown  in  Figure  4 , Section  III t to  obtain  speed,  power, 
and  fuel  consumption  data.  Run  1 and  2 were  conducted  at  full 
power,  Run  3 at  75  percent  power,  and  Run  4 at  50  percent  power, 
with  the  time  abeam  the  north,  south  and  mid-course  range  marks 
recorded. 


Results  from  each  of  the  fopr  test  runs  are  discussed 
separately  and  include  observations  from  the  Dravo  report  [2] 
as  well  as  summary  statistics  compiled  from  the  computerized  trial 
data.  The  computer  processing  activities  are  discussed  in  Sections 
VII  through  X with  examples  of  the  computerized  data  base  given 
in  Appendix  A. 

Tow  performance  for  each  test  run  is  shown  separately  for 
each  leg  of  the  test  course  (including  the  approach  leg)  and  then 
combined  to  show  average  performance  in  the  tables  in  this  Section. 

Figures  showing  the  tow's  track  are  plotted  from  smoothed 
position  data  recorded  by  the  Miniranger  equipment  with  the  ranges 
marking  the  measured  course  indicated  by  dashed  lines.  The  test 
course  segment  between  the  south  and  mid-course  range  is  referred 
to  as  the  "south  leg";  the  segment  between  the  mid-course  and 
north  range  as  the  "north  leg” . 

The  distance  between  the  north  and  south  ranges  was  given 
as  2.041  miles  (10776.5  feet),  however,  Miniranger  position 
measurements  obtained  when  the  tow  was  abeam  these  ranges  indicated 
that  the  course  length  varied  depending  upon  its  distance  from 
the  west  bank.  The  actual  course  length  was  probably  100-150 
feet  less  than  10,776.5  feet  indicated. 
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5.1  Test  Run  1 - Full  Power,  Upriver 

Figure  21  shows  the  tow's  path  during  Run  1 and  Table  7 
gives  its  performance  over  each  leg  of  the  course.  After  the 
approach  leg,  the  tow  had  reached  a speed  of  11.4  mph  through  the 
water  when  it  entered  the  south  leg  of  the  test  course,  11.9  mph 
at  the  start  of  the  north  leg,  and  11.7  mph  at  the  end  of  the 
course.  The  speed  reduction  over  the  north  leg  was  apparently 
due  to  the  decrease  in  average  water  depth  from  52.0  to  32.3 
feet. 

The  tow's  average  speed  shown  in  Table  7 was  11.66  mph 
through  the  water  over  an  actual  distance  of  10,686.7  feet  (2.024 
miles).  The  average  course  followed  by  the  tow  was  357.97°  true 
while  its  average  heading  was  359.09°  due  to  its  1.12°  drift 
angle.  Table  7 shows  that  the  average  rudder  angle  was  2.0°  to 
port  due  to  the  fact  that  the  port  engine  supplied  15  percent 
more  power  than  the  starboard  engine  over  the  course. 

Both  the  average  rudder  and  drift  angles  were  greater  over 
the  south  leg  than  the  north  leg.  This  was  surprising  since  the 
tow  was  much  closer  to  the  west  bank  over  the  north  leg  which  should 
have  caused  an  increase  in  drift  and  an  increase  port  rudder  to 
compensate  for  the  bank  and  uneven  power  effects.  Table  7 shows 
that  the  pilot  apparently  negated  these  factors  by  letting  the 
■tow  assume  a slightly  more  northerly  course. 

Drift  angle  extremes  shown  in  Table  7 were  greater  in  the 
north  leg  than  the  south  leg  due  to  the  shallower  water  and 
proximity  of  the  west  bank.  Maximum  yaw  rates  of  -0. 5P6°/second 
in  the  south  leg  and  0.4ll°/second  in  the  north  leg  were  observed. 
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Figure  21*  Path  of  Tow  - TEST  RUN  1-FULL  POWER,  UPRIVER 


Table  7.  Test  Run  1 Performance  Data 
(Full  Power,  Upriver) 


Test  Course 

Exxon,  * 

Performance  Variable 

Approach 

South 

Leg 

North 
..  Leg 

Both 

-Legs 

Dravo 

Data 

Time,  seconds 

348 

382 

363 

745 

745.5 

Actual  Distance,  feet 

4642.4 

5473.8 

5212.9 

10686.7 

10776.5 

True  Course,  degrees 

357.46 

357.86 

358.08 

357.97 

— 

Ave.  speed  over  ground,  mph 

9-09 

9-77 

9-79 

9.78 

9.86 

" " " ” , fps 

13-34 

14.33 

14.36 

14.34 

14.47 

Ave.  speed  thru  water,  mph 

11.21 

11.63 

11.70 

11.66 

11.61 

, fps 

16.21 

17.06 

17.15 

17.10 

17.03 

Shaft  horsepower,  stbd. 

1514.4 

1463.1 

1460.0 

1461.6 

1462.2 

" " , port 

1752.4 

1679.2 

1685.1 

1682.1 

1680.7 

" " , both 

3266.8 

3142.3 

3145.1 

3143.7 

3142.9 

Rudder  angle,  degrees 
(Positive  to  port) 

, minimum 

-0.8 

-3.7 

-4.9 

-4.9 

— 

, maximum 

5.3 

9.0 

7.8 

9.0 

— 

, average 

2.6 

2.2 

1.8 

2.0 

— 

Yaw  rate,  degrees/second 
(Positive  clockwise) 

, minimum 

-0.150 

-0.586 

-0.453 

-0.586 



, maximum 

0.152 

0.299 

0.411 

0.411 

— 

, average 

-0.004 

0.002 

-0.001 

0.001 

— 

Drift  angle,  degrees 
(Positive  to  port  of  C.L.) 

, minimum 

-5.44 

-8.25 

-11.87 

-11.87 

— 

, maximum 

6.90 

13.96 

16.24 

16.24 

— 

, average 

1.10 

1.38 

0.84 

1.12 

— 

Fuel  Consumption  rate 

(Pounds/BHP-  hour) 

— 

— 

— 

0.359 

0.358 

Water  depth,  feet 

, minimum 

30.0 

39.2 

22.6 

22.6 

, maximum 

41.8 

66.7 

51.0 

66.7 

— 

, average 

33-6 

52.0 

32.3 

42.4 

— 

•Data  extrapolated  from  Reference  2 which  gave  the 
current  effect  as  1.75  mph. 
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5.2  Test  Run  2 - Full  Power,  Downriver 

Figure  22  shows  the  tow's  path  during  Run  2 and  Table  8 
lists  the  principal  performance  data  obtained  from  the  run. 

Run  2 had  a relatively  short  approach  and  had  only  reached  a speed 
of  8.7  mph  through  the  water  when  it  entered  the  north  leg  of  the 
test  course.  The  tow's  speed  was  11.2  mph  through  the  water  at 
the  mid- course  range  and  10.8  mph  at  the  end  of  the  run.  A 
maximum  speed  of  11. 9 mph  through  the  water  was  obtained  shortly 
before  the  oilothouse  was  abeam  the  south  range. 

The  tow  had  a maximum  drift  angle  of  -11.89°  a few  seconds 
after  entering  the  north  leg  of  the  course  and  was  undoubtedly  due 
to  its  proximity  to  the  west  bank  ar  shown  in  Figure  22.  The 
average  rudder  angle  over  the  north  leg  was  -0.1°  (approximately 
amidships)  with  the  effect  of  the  river  bank  to  starboard  apparently 
offsetting  the  13  percent  greater  horsepower  delivered  to  the 
port  propeller. 

Table  8 shows  that  the  tow  followed  a course  of  177.01° 
over  the  north  leg  and  a more  southerly  course  of  178.98°  over  the 
south  leg.  The  lessening  influence  of  the  river  bank  to  starboard 
in  the  south  leg  and  the  0.9°  port  rudder  angle  were  not  sufficient 
to  compensate  for  the  power  imbalance  and  maintain  the  tow  on  the 
177.01°  course  followed  in  the  north  leg.  If  the  177.01°  course 
followed  in  the  north  leg  had  been  maintained  over  the  south  leg, 
a more  negative  drift  angle  than  -1.62°  would  have  resulted. 

Table  8 shows  that  the  maximum  yaw  rates  were  moderate  due 
to  the  relatively  small  rudder  deflections  used  by  the  pilot  with 
a maximum  rudder  angle  of  7.6°  obtained  during  the  test. 

Figure  22  shows  the  tow's  deceleration  path  plotted  after 
passing  the  south  range  mark  when  the  engines  were  reversed  and 
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Figure  22  . Path  of  Tow  - TEST  RUN  2-FULL  POWER,  DOWNRIVER 


1 


Table  8 Test  Run  2 Performance  Data 
(Full  Power,  Downriver) 


Performance  Variable 

Approach 

North 

Leg 

Test  Course 

South  Both 

Leg  Legs 

Exxon, * 
Dravo 
Data 

Time,  seconds 

59 

300 

282 

582 

583.0 

Actual  distance,  feet 

906.5 

5320.0 

5357.2 

10677.2  10776.5  I 

True  Course,  degrees 

176.03 

177.01 

178.98 

177.96 

— 

Ave.  speed  over  ground,  mph 

10.46 

12.09 

12.95 

12.51 

13.29** 

" " " ” , fps 

15.36 

17.73 

19.00 

18.35 

19.49** 

Ave.  speed  thru  water,  mph 

6.53 

10.24 

11.04 

IO.63 

11.5^** 

" M " " , fps 

12.50 

15.01 

16.20 

15.59 

16.93** 

Shaft  horsepower,  stbd. 

1521.2 

1492.2 

1477.3 

1485.0 

1486.7 

" '*  , port 

1758.0 

1682.7 

1660.7 

1672.0 

1675.8 

" " , both 

3279.2 

3174.9 

3138.0 

3157.0 

3162.5 

Rudder  angle,  degrees 
(Positive  to  port) 

, minimum 

-4.1 

-3.3 

-3-3 

-3.3 

— 

, maximum 

6.1 

2.9 

7.6 

7.6 

, average 

-0.9 

-0.1 

0.9 

0.4 

— 

Yaw  rate,  degrees/second 
(Positive  clockwise) 

, minimum 

-0.229 

-0.193 

-0.297 

-0.297 

— 

, maximum 

0.114 

0.325 

0.136 

0.325 

— 

, average 

-0.038 

0.009 

-0.019 

0.005 

— 

Drift  angle,  degrees 
(Positive  to  port  of  C.L.) 

, minimum 

-6.59 

-11.89 

-7.57 

-11.89 

— 

, maximum 

4.21 

2.60 

5.15 

5.15 

— 

, average 

-1.79 

-1.99 

-1.62 

-1.81 

— 

I Fuel  consumption  rate 

I (Pounds/BHP-hour) 

— 

— 

— 

0.356 

0.355 

I Water  depth,  feet 

, minimum 

25.5 

26.3 

37.8 

26.3 

, maximum 

26.3 

62.7 

62.9 

62.9 

— 

, average 

25/7 

44.3 

48.7 

46.4 

— 

•Data  extrapoltated  from  Reference  2 which  gave  the 
current  effect  as  1.75  mph. 

••Data  for  South  Leg  only. 
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the  tow  slowed  at  close  to  its  maximum  deceleration  rate.  When 
the  engines  were  first  reversed,  the  tow  had  a velocity  of  11.1 
mph  through  the  water  and  13-1  mph  over  the  ground.  While  stop- 
ping, the  tow  covered  a distance  of  2550  feet  in  22 7 seconds  before 
its  speed  was  reduced  to  1.0  mph  through  the  water  and  2.8  mph 
over  the  ground.  Although  the  tow's  deceleration  path  was  straight, 
its  drift  angle  went  from  close  to  zero  when  the  engines  were 
first  reversed  to  -14.8°  at  the  end  of  227  seconds.  This  large 
drift  angle  was  almost  certainly  caused  by  the  port  and  starboard 
power  imbalance.  Perhaps  of  greatest  importance,  the  data  indicate 
that  a tow  of  this  size  (1160*  x 5^')  could  require  a 300  foot 
wide  channel  in  order  to  perform  a crash  stop  safely. 

While  simplifications  regarding  tow  behavior  are  often 
misleading,  comparing  the  tow's  behavior  at  full  power  over  the 
south  leg  of  the  course  in  Runs  1 and  2 offer  insight  into  the 
effect  of  the  port  and  starboard  power  imbalance.  In  Run  1,  the 
tow's  average  drift  angle  was  1.38°  and  its  average  rudder  angle 
was  2.2°i  in  Run  2,  the  drift  angle  was  -1.62°  and  rudder  angle  was 
0.9°.  Extrapolating  this  data  and  excluding  upstream  and  down- 
stream current  effects,  the  13-15  percent  greater  power  delivered 
by  the  port  engine  developed  a turning  moment  which  required  1.6° 
to  control. 

5.3  Test  Run  3 - 3/^  Power,  Upriver 

Figure  23  shows  the  path  of  the  tow  during  Run  3 and  Table  9 
lists  the  Run  3 performance  data.  After  the  approach  leg,  the 
tow  was  travelling  at  10.48  mph  through  the  water  when  abeam  the 
south  range,  10.52  mph  when  abeam  the  mid-course  range,  and  10. 67 
mph  at  the  end  of  the  course.  Table  9 shows  that  the  tow's 
average  speed  was  10. 69  mph  through  the  water,  its  course  was 
358.510i  and  distance  travelled  was  10696.4  feet  (2.023  miles). 


Table  9*  Test  Run  3 Performance  Data 
(3/4  Power,  Upriver) 


Test  Course 

Exxon,  ♦ 

Performance  Variable 

Approach 

South 

Leg 

North 

-Leg 

Both 

Legs 

Dravo 

Data 

Time,  seconds 

171 

425 

403 

828 

829.0 

Actual  distance,  feet 

2137.8 

5477.8 

5218. 6 

10696.4 

10776.5 

True  course,  degrees 

359.53 

359-33 

357.64 

358.51 

— 

Ave.  speed  over  ground,  mph 

8.52 

8.79 

8.83 

8.81 

8.87 

" " " " , fps 

12.50 

12.89 

12.95 

12.92 

13.01 

Ave.  speed  thru  water,  mph 

10.49 

10.66 

10.73 

10.69 

10.62 

" " " " , fps 

15-38 

15-63 

15.74 

15.68 

15.58 

Shaft  horsepower,  stbd. 

1068.4 

1078.3 

1077.1 

1077.7 

1077.0 

" " , port 

1193.3 

1213-5 

1233.9 

1223.4 

1224.0 

” " , both 

2261.7 

2291.8 

2311.0 

2301.1 

2301.0 

Rudder  angle,  degrees 
(Positive  to  port) 

, minimum 

-1.2 

-2.9 

-7.0 

-7.0 

— 

, maximum 

5-7 

6.1 

18.7 

18.7 

— 

, average 

1.5 

1.5 

2.4 

1.9 

— 

Yaw  rate,  degrees/second 
(Positive  clockwise) 

, minimum 

-0.133 

-0.452 

-0.775 

-0.775 

— 

, maximum 

0.103 

0.300 

0.612 

0.612 

— 

, average 

-0.007 

0.003 

-0.009 

-0.003 

— 

Drift  angle,  degrees 
(Positive  to  port  of  C.L.) 

, minimum 

-4.82 

-5.24 

-22.18 

-22.18 

— 

, maximum 

6.61 

13.15 

9.96 

13.15 

— 

, average 

0.77 

1.32 

0.80 

1.07 

— 

Fuel  consumption  rate 

(Pounds/BHP-hour ) 

— 

— 

— 

0.358 

0.358  j 

Water  depth,  feet 

, minimum 

36.2 

35.8 

24.0 

24.0 

— 

, maximum 

38.0 

68.0 

45.4 

68.0 

— 

, average 

37.5 

50.4 

31.2 

41.1 

— 

♦Data  extrapolated  from  Reference  2 which  gave  the 
current  effect  as  1.75  mph. 
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Figure  23  shows  the  tow  to  be  further  off  the  west  bank 
in  the  north  leg  than  in  Runs  1 and  2 which  probably  accounted 
for  the  smaller  average  drift  angle  of  1.07°  and  rudder  angle 
of  1.9°.  Maximum  drift  angles  of  -22.18°  and  1-3.15°  and  rudder 
angles  of  -7.0°  and  18.7°  were  obtained.  The  maximum  port  rudder 
angle  (18.7°)  and  starboard  drift  angle  (-22.18°)  both  occurred 
in  the  north  leg  when  the  turning  moment  induced  by  the  13-15 
percent  greater  power  supplied  by  the  port  engine  apparently 
coupled  with  the  river  bank  on  the  port  side  to  produce  these 
extremes. 

The  maximum  yaw  rates  of  -0.775°  and  0. 6l2°/second  shown 
in  Table  9 were  larger  than  those  obtained  in  Runs  1 and  2. 
Maximum  yaw  rates  obtained  in  both  of  the  two  upriver  tests, 

Runs  1 and  3>  show  that  yaw  rates  (negative)  were  greater  to 
port  than  to  starboard.  Run  3 maximum  yaw  rates  were  30-50 
percent  greater  than  those  obtained  in  Run  1 when  the  tow  was 
at  full  power. 

5-4  Test  Run  4 - £ Power,  Downriver 

Figure  2 4 shows  the  tow's  path  during  Run  4 and  Table  10 
lists  the  principal  performance  data  obtained  from  the  run. 

As  with  Run  2,  the  approach  to  the  course  was  too  short  to  allow 
the  tow  to  reach  a constant  speed.  When  the  tow  entered  the 
north  leg  it  was  travelling  at  7.6  mph  through  the  water, 

8.3  mph  when  abeam  the  mid- course  mark,  and  8.6  mph  at  the  end 
of  the  course.  Table  10  shows  that  the  tow  covered  a distance 
of  10,700.1  feet  (2.027  miles)  at  an  average  speed  of  8.11  mph 
through  the  water.  The  average  drift  angle  over  the  course  was 
-2.24°  with  maximum  values  of  -15.13°  and  10.46°. 
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Table  10.  Test  Run  4 Performance  Data 
(£  Power,  Downriver) 


Test  Course 

Exxon,  * 

Performance  Variable  i 

Approach 

South 

Leg 

North 

Leg 

Both 

Legs 

Dravo 

Data 

Time , seconds 

184 

372 

358 

730 

729.5 

Actual  distance,  feet 

2122.8 

5227.8 

5472.3 

10700.1 

10776.5 

True  course,  degrees 

178.40 

177.27 

179.49 

178.36 

— 

Ave.  speed  over  ground,  mph 

7.87 

9-58 

10.42 

9.99 

10.61** 

, fps 

11.54 

14.05 

15.29 

14.66 

15.56** 

Ave.  speed  over  water,  mph 

5-93 

7.73 

8.51 

8.11 

8.86** 

" * , fps 

8.70 

11.34 

12.49 

11.90 

12.99** 

Shaft  horsepower,  stbd. 

633-5 

652. 7 

642.6 

647.7 

652.7 

" " , port 

830.4 

780.9 

773.3 

777.2 

778.1 

" " , both 

1463.9 

1433-6 

1415-9 

1424.9 

1430.8 

Rudder  angle,  degrees 
(Positive  to  port) 

, minimum 

-1.6 

-4.9 

0.0 

-4.9 

— 

, maximum 

4.1 

4.1 

2.5 

4.1 

— 

, average 

0.8 

-0.1 

1.3 

0.6 

— 

| Yaw  rate,  degrees/second 

I (Positive  clockwise) 

, minimum 

-0.200 

-0.490 

-0.251 

-0.490 

— 

, maximum 

0.157 

0.504 

0.288 

0.504 

— 

, average 

-0.008 

0.002 

-0.001 

0.001 

— 

I Drift  angle,  degrees 

I (Positive  to  port  of  C.L.) 

, minimum 

-14.72 

-15.73 

-8.95 

-15.73 

— 

, maximum 

9.84 

10.46 

5.22 

10.46 

— 

, Average 

-2.17 

-2.46 

-2.02 

-2.24 

— 

I Fuel  consumption  rate 

1 (Pounds/BHP-hour ) 



— 

— 

0.371 

0.370  1 

I Water  depth,  feet 

, minimum 

24.1 

26.1 

35-9 

26.1 

— 

, maximum 

27.4 

69.O 

70.2 

70.2 

— 

, average 

25.0 

44.4 

45.7 

45.0 

— 

•Data  extrapolated  from  Reference  2 which  gave  the 
current  effect  as  1.75  mph. 

••Data  for  South  Leg  only. 
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The  tow's  path  shown  in  Figure  24  was  close  to  the  west 
bank  with  a course  of  17 7.27c  over  the  north  leg.  The  -0.1° 
average  rudder  angle  (amidships)  over  this  leg  was  apparently 
due  to  the  force  pushing  the  bow  of  the  tow  off-  the  bank  being 
counteracted  by  the  turning  moment  caused  by  the  20  percent 
greater  power  developed  by  the  port  engine.  The  Run  4 maximum 
yaw  rates  of  -0.490°  and  0.504°/second  shown  in  Table  10  were 
55-65  percent  greater  than  those  obtained  in  the  full  power, 
downriver  run,  Run  2. 

5-5  Straight  Course  Trial  Conclusions 

The  preceeding  discussion  li  this  section  focussed  on  the 
trial  data  typically  used  to  meature  tow  performance.  Of  these, 
the  single  most  important  factoi  .teared  to  be  the  greater  power 
supplied  by  the  port  engine.  This  factor  undoubtedly  caused  wider 
steering  fluctuations  than  might  normally  be  expected  and  probably 
reduced  tow  speed  by  an  amount  approximately  equal  to  the  added 
resistance  from  a constant  1.6°  rudder  angle. 

The  steering  data  in  Tables  7 through  10  show  that  the 
yaw  rate  extremes  were  larger  to  port  on  the  upriver  runs  (Runs  1 
and  3)  while  the  downriver  runs  (Runs  2 and  4)  had  larger  starboard 
yaw  rates.  Moreover,  both  of  the  runs  upriver  recorded  greater 
maximum  yaw  rates  than  either  of  the  downriver  runs.  The  decreased 
course  stability  which  results  at  lower  horsepower  was  shown  when 
comparing  the  extreme  yaw  rates  obtained  during  the  full  power 
and  3/4  power  upriver  runs  and  the  full  power  and  1/2  power 
downriver  runs.  Run  3 at  3/4  power  upriver  had  extreme  yaw 
rates  30-50  percent  greater  than  test  Run  1 conducted  at  full 
power.  Similarly,  Run  4 conducted  at  1/2  power  downriver  had 
extreme  yaw  rates  55-6 5 percent  greater  than  test  Run  2 conducted 
at  full  power. 
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One  of  the  difficult  problems  posed  by  the  velocity  data 
obtained  during  this  study  was  interpreting  variations  in  tow 
speed  which  varied  irregularly,  both  in  period  and  magnitude. 

A limited  analysis  of  the  trial  data  was  conducted  which  provided 
little  insight  into  speed  periodicity  but  which  provided  consid- 
erable insight  into  the  magnitude  of  speed  variations  to  be 
expected  during  straight  course,  constant  power  runs. 

Table  11  lists  the  average  horsepower,  speed,  and  depth 
data  obtained  during  Runs  1 through  4 over  the  south  leg  of  the 
test  course  with  minimum  and  maximum  speed  and  horsepower  values 
expressed  as  percentages.  The  smallest  speed  variations  occurred 
in  Run  2 when  the  minimum  speed  was  7.5  percent  less,  and  the 
maximum  speed  was  8.2  percent  greater,  than  the  average  speed. 

The  largest  speed  variation  occurred  in  Run  4 at  1/2  power  when 
the  minimum  speed  was  18.8  percent  less,  and  the  maximum  speed 
18.2  percent  greater,  than  the  average  speed.  Table  11  shews 
that  speed  variations  were  approximately  - 8 percent  at  full 
power  and  - 18  percent  at  l/2  power. 


Table  11.  Tow  Speed  Variations  Over  South  Leg 


Run  1 

Pull  Power 
Upriver 

Run  2 

Full  Power 
Downriver 

Run  3 

3/4  Power 
Upriver 

Run  4 
i Power 
Downriver 

Average  shaft  horsepower 

3142.3 

3138.0 

2291.8 

1415.8 

Average  speed  thru  water, 

mph  11 . 63 

11.04 

10.66 

8.51 

Water  depth,  feet 

52.0 

48.7 

50.4 

45.7 

Percentage  Speed  Variation 

15.7 

92.5 

108.2 

18.5 

91.8 

110.3 

37.0 

81.2 

118.2 

(max . -min )/average 

minimum/average 

maximum/average 

17.4 

91.1 

108.4 

Percentage  H.P.  Variation 

(max. -min. )/average 
minimum/ average 
maximum/average 

2.6 

98.9 

101.5 

1.0 

99.5 

100.6 

1.7 

99.1 

100.8 

5*1 

96.0 

101.1 

52 
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f Horsepowers  varied  from  1.0  to  5-1  percent  of  the  average 

horsepower  during  a run  with  smallest  variation  occurring  in  Run 
2 and  the  largest  variation  occurring  in  Run  4.  Because  speed 
varies  with  the  square  of  horsepower,  a 5 percent  increase  in 
speed  requires  a 25  percent  increase  in  power.  The  relatively 
large  speed  and  small  horsepower  variations  shown  in  Table  11 
indicate  that  only  a small  percentage  of  the  speed  variation  is 
attributable  to  horsepower  differences.  Steering  effects  as 
well  as  river  wave,  bank,  and  bottom  effects  are  primarily 
responsible  for  the  large  speed  variations. 
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VI.  STEERING  TEST  RESULTS 


This  section  discusses  the  four  trial  runs  (Runs  5-8)  conducted 
to  measure  steering  performance.  Runs  5 and  8 were  zig-zag  runs 
at  full  power  over  the  measured  course,  upriver  and  downriver 
respectively.  Runs  6 and  ? were  upriver  and  downriver  runs  at 
half  power  around  Wilkinson  Point  bend.  Horsepower,  rudder  angle, 
and  Miniranger  position  data  were  obtained  for  Runs  5,  6,  and  8. 

Only  rudder  angle  and  Miniranger  position  data  were  collected  for 
Run  7.  Figures  describing  the  tow's  path  were  plotted  from  the 
computer  processed  Miniranger  position  data.  Tow  performance  data 
are  based  upon  statistics  compiled  after  the  computer  processing 
described  in  Sections  VII  through  X as  well  as  those  taken  from 
the  Dravo  report  [2]. 

6.1  Test  Run  5 - Full  Power,  Zig-Zag,  Upriver 

Table  12  gives  the  sequence  of  rudder  movements  during  the 
trial  Run  5-  Figure  25  shows  the  path  and  attitude  of  the  tow 
by  separate  position  plots  of  the  antennas  on  the  pilothouse  and 
bow.  Table  13  gives  the  summary  performance  statistics  for  the 
run  and  Figure  26  shows  the  rudder  angle,  heading  change,  and 
drift  angle  of  the  tow. 

] 

The  tow’s  full  power  approach  to  the  test  course  followed  a 
course  of  000.42°  true  and  reached  maximum  speed  of  12.09  mph 
through  the  water  at  05*17:44  when  abeam  the  south  range  and  the 
first  rudder  deflection  occurred.  The  pilot  moved  the  rudder  right 
slowly  to  10.7°  and  a constant  rudder  angle  was  achieved  at 
05 *18: 13*  This  rudder  angle  was  maintained  until  05*19*09  when 
tow's  heading  had  swung  right  approximately  10°.  The  rudder  was 
then  moved  left  to  10.3°  which  was  achieved  at  05*19*23.  This 
rudder  angle  was  maintained  until  05*21*45  when  the  tow's  head 
had  swung  left  about  10°.  These  sequential  steering  maneuvers 
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Table  12.  Run  5 - Zig-Zag  Maneuver  Sequence 
(Full  Power,  Upriver) 


Maneuver/Event 

Time 

1. 

PILOTHOUSE  ABEAM  SOUTH  RANGE 

05*17*44 

2. 

Pilot  begins 

starboard  rudder  movement 

05 * 17 i 44 

3- 

Rudder  angle 

steady,  10.3°  starboard 

05il8il3 

4. 

Pilot  begins 

port  rudder  movement 

05« 19* 09 

5- 

Rudder  angle 

steady,  10.3°  port 

05*19*23 

6. 

Pilot  begins 

starboard  rudder  movement 

05*21*45 

7. 

Rudder  angle 

steady,  8.6°  starboard 

05*22:15 

8. 

Pilot  begins 

port  rudder  movement 

05*24*30 

9- 

PILOTHOUSE  ABEAM  MID- COURSE  RANGE 

05*24*37 

10. 

Rudder  angle 

steady,  10.3°  port 

05*25*02 

li. 

Pilot  begins 

starboard  rudder  movement 

05*27*45 

12. 

Rudder  angle 

steady,  9.5°  starboard 

05*28*19 

13. 

Irregular  steering  to  resume  course 

05*28*53 

14. 

PILOTHOUSE  ABEAM  NORTH  RANGE 

05*31*27 

were  repeated  as  shown  in  Table  12  until  the  pilothouse  was 
abeam  the  north  range. 

Figure  25  shows  the  paths  of  the  pilothouse  and  bow  antennas 
over  the  test  course  with  the  points  where  the  paths  cross  defining 
the  duration  of  7.ig-zag  maneuvers  carried  out.  Four  fulx  zig-zag 
turns  were  completed  with  the  fifth  cut  short  so  as  to  bring  the 
tow  back  to  its  original  course. 

The  first  zig-zag  maneuver,  when  the  rudder  was  placed  to 
starboard,  accounted  for  the  largest  velocities  and  accelerations. 
Approximately  45  seconds  after  the  rudder  was  deflected  to  star- 
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board,  the  tow  developed  drift  angles  greater  than  20°  in  each 
direction  with  transverse  velocities  (sway)  greater  than  4 mph 
and  accelerations  greater  than  2 feet/second  . Angular  velocities 
(yaw  rates)  greater  than  l°/second  and  accelerations  greater  than 
0.3°/second2  were  also  noted.  These  velocities  and  accelerations 
were  felt  by  test  personnel  in  the  pilothouse  during  this  first 
maneuver  and  it  was  hoped  at  the  time  that  the  Miniranger  system 
would  provide  range  data  to  establish  the  magnitude  of  these 
tow  parameters. 

Of  particular  note,  the  data  developed  support  the  well 
known  phenomenum  which  occurrs  when  a constant  rudder  angle  has 
been  applied  to  a vehicle  on  a steady  course.  After  the  initial 
rudder  deflection,  the  vehicle  moves  rapidly  (side-slips)  in  the 
opposite  direction  to  the  intended  turn  as  shown  in  Figure  25 
by  the  rather  sharp  curving  track  of  the  pilothouse  antenna  after 
passing  abeam  the  south  range. 

Figure  26  shows  the  heading  angle  ( <A  ) , rudder  angle  ( S ) , 
and  drift  angle  ( ft  ) plotted  using  the  typical  zig-zag  maneuver 
format.  Large  drift  angle  variations  were  obtained  during  the 
run  and  were  plotted  as  unsmoothed  values  to  show  the  periodicity 
of  the  data  at  each  stage  of  the  maneuvers. 

The  zig-zag  maneuvers  in  Figure  26  typically  show  the 
increasing  amplitudes  of  heading  angle  deviation  from  the  initial 
course  with  each  successive  zig-zag  maneuver  referred  to  as 
overshoot.  Although  Figure  26  provides  an  indication  of  tow 
overshoot  during  zig-zag  maneuvers,  the  lack  of  crisp  rudder  move- 
ments and  the  fact  that  course  changes  were  based  on  magnetic 
compass  bearings  resulted  in  a less  well  defined  overshoot  profile. 
However,  Figure  26  does  show  that  the  starboard  rudder  maneuvers 
achieved  greater  heading  angle  changes  than  port  rudder  maneuvers. 
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Figure  26.  Run  5 - Zig-zag  Maneuver  Data 


This  was  due  to  the  fact  that  the  16  percent  greater  port  engine 
horsepower  added  to  the  turning  moment  of  the  tow  when  right 
rudder  vas  applied. 

Speed  loss  due  to  these  rudder  movements  was  shown  in  Table 
13  by  the  successively  lower  tow  speeds  given  for  the  approach, 
south  and  north  legs  of  the  course.  The  tow's  average  speed  over 
the  approach  leg  was  11.52  mph  through  the  water,  10.93  mph  over 
the  south  leg,  and  10.65  mph  over  the  north  leg.  For  the  first 
three  zig-zag  maneuvers  occurring  primarily  in  the  south  leg,  the 
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Table  13.  Test  Run  5 Performance  Data 
(Full  Power,  Zig-Zag,  Upriver) 


Test  Course 

Exxon,  * 

Performance  Variable  i 

Approach 

South 

Leg 

North 

Leg 

Both 

Le&§ 

Dravo 

Data 

Time,  seconds 

149 

413 

410 

823 

827 

Actual  distance,  feet 

2089. 5 

5498.5 

5260.0 

10758.5 

10776.5 

True  course,  degrees 

000.42 

000.21 

359.70 

359.96 

— 

Ave.  speed  over  ground,  mph 

9.56 

9. 08 

8.75 

8.92 

8.90 

" " " " , fps 

14.02 

13.31 

12.83 

13.07 

13.05 

Ave.  speed  thru  water,  mph 

11.52 

10.93 

10.65 

10.79 

10.65 

, fps 

16.90 

16.03 

15.62 

15.83 

15.62 

Shaft  horsepower,  stbd. 

1479.9 

1489.3 

1467.4 

1478.4 

1492.5 

” " , port 

1706.4 

1700.0 

1742.9 

1721.4 

1708. 1 

" " , both 

3186.3 

3189-3 

3210.3 

3199.8 

3200.6 

Rudder  angle,  degrees 
(Positive  to  port) 

, minimum 

-2.0 

-10.7 

-9-5 

-10.7 

— 

, maximum 

10.7 

10.3 

10.3 

10.3 

— 

, average 

2.3 

-1.0 

3.0 

1.0 

- 

Yaw  rate,  degrees/second 
(Positive  clockwise) 

, minimum 

-0.153 

-0.442 

-0.582 

-0.582 

— 

, maximum 

0.127 

1.051 

0.364 

1.051 

— 

, average 

-o.on 

0.031 

-O.Oll 

0.010 

— 

Drift  single,  degrees 
(Positive  to  port  of  C.L.) 

, minimum 

-4.01 

-21.54 

-13-04 

-21.54 

— 

, maximum 

3.71 

21.46 

11.77 

21.46 

— 

, average 

0.24 

1.55 

1.25 

1.40 

— 

1 Fuel  consumption  rate  1 

i ( Pound s/BHP- hour ) 

— 

— 

— 

0.356 

0.354  | 

| Water  depth,  feet  | 

, minimum 

34.0 

37-7 

28.0 

28.0 

— 

, maximum 

41.0 

62.0 

43.0 

62.0 

— 

, average 

35-9 

46.6 

33-9 

40.3 

— 

•Data  extrapolated  from  Reference  2 which  gave  the 
current  effect  as  1.75  mph. 

♦•The  straight  line  distances  were  shorter  for  each  leg  by: 
Approach,  1.3  feet;  South  Leg,  66.4  feet;  North  Leg 
72.0  feet;  and  Both  Legs,  138.4  feet. 


tow's  average  speed  through  the  water  went  from  11.57  mph  during 
the  first  maneuver,  to  10.99  mph  during  the  second  maneuver,  to 
IO.56  mph  during  the  third  maneuver  for  a net  speed  loss  of  9 
percent.  The  added  loading  on  the  propellers  during  these  three 
maneuvers  generated  successively  larger  horsepowers. 

Table  13  shows  the  performance  statistics  for  the  tow  over 
the  north  and  south  legs.  Because  of  the  sinusoidal  path  of  the 
tow,  the  center  of  gravity  traveled  138  feet  further  along  this 
curved  path  than  along  a straight  line  distance. 

6.2  Test  Run  6 - Half  Power,  Steady  Turn,  Upriver 

Test  Run  6 was  a constant  power  and  constant  rudder  angle 
turn  around  Wilkinson  Point  primarily  to  obtain  measurements  of 
the  tow's  drift  angle  and  speed  loss.  Figure  27  shows  the  paths 
of  the  bow  and  pilothouse  antennas  plotted  at  12  second  intervals 
during  the  turn.  The  turn  started  at  05s 42: 11  when  the  pilot 
began  to  move  the  rudder  to  port  with  a constant  left  rudder 
angle  of  14. 9°  achieved  at  05«42s45.  Figure  27  shows  the 

relatively  constant  drift  angle  assumed  by  the  tow  when  moving 
around  the  bend.  The  tow  started  the  turn  with  a drift  angle 
of  -3°  which  was  increased  (became  more  negative)  as  the  tow 
progressed  through  the  turn.  An  extreme  drift  angle  of  -23-32° 
was  observed  10  seconds  after  the  rudder  was  steadied  at  14.9° 
to  port. 

A plot  of  the  tow's  performance  statistics  are  given  in 
Figure  28  with  the  values  plotted  as  1 minute  averages.  Figure 
28  shows  the  rudder  angle  (5  ),  shaft  horsepower  (SHP),  drift 
angle  ( 0 ),  velocity  through  the  water  ( U ),  and  yaw  rate  ( ) 

for  a seven  minute  period  during  the  turn  and  clearly  demon- 
strates the  interrelationship  between  these  five  variables.  For 
instance,  shaft  horsepower  increased  in  parallel  with  the  rudder 
angle  and  indicated  the  greater  power  absorption  levels  of  the 
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propellers.  The  interaction  between  the  yaw  rate,  tow  velocity 
and  drift  angle  are  shown  by  the  fact  that  as  the  drift  angle 
increased,  the  tow's  angular  velocity  (yaw  rate)  also  increased. 

The  larger  drift  angles  caused  the  greater  tow  hydrodynamic 
resistance  and  resulted  in  a speed  reduction.  This  speed  reduction 
would  have  been  even  greater  had  shaft  horsepower  remained  constant 
during  the  turn.  As  it  was,  the  tow's  average  speed  decreased 
from  9.0?  mph  through  the  water  at  the  start  of  the  turn  to  an 
average  of  7.86°  mph  during  the  6th  minute  for  a speed  loss  of 
over  13  percent. 

Indications  were  that  the  13  percent  greater  power  developed 
by  the  port  engine  had  less  of  an  impact  on  tow  dynamics  during 
this  turn  due  to  the  fact  that  the  port  propeller  was  on  the 
inside  of  the  turn.  The  lesser  powered  starboard  propeller  on 
the  outside  provided  the  greater  turning  moment  and  resulted  in 
reasonably  stable  yaw  rates  and  drift  angles. 

Performance  statistics  during  the  upi'iver  turn  are  given 
in  Table  14  which  shows  that  the  tow  traveled  a distance  of 
4715.5  feet  at  an  average  speed  of  8.22  mph  through  the  water 
to  accomplish  an  86.9°  left  turn.  For  the  480  seconds  during 
the  turn,  the  tow  had  extreme  yaw  rates  of  -0.558°  and  0 . 423°/second 
with  an  average  yaw  rate  of  -0 . l62°/second . 

6.3  Test  Run  7 - Half  Power,  Turn,  Downriver 

Figure  29  shows  the  path  01  the  tow  during  the  downriver 
turn  around  Wilkinson  Point  bend  with  the  data  plotted  at  12 
second  intervals.  Although  this  turn  was  not  a constant  rudder 
angle  and  constant  power  turn,  no  horsepower  or  fuel  consumption 
measurements  were  taken  during  Run  7,  engine  speed  was  relatively 
constant  at  590  ERPM. 
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Table  14.  Test  Runs  6 and  7 Performance  Data 
(1/2  Power  Turns) 


Performance  Variable 

Run  6* 
Upriver 

Run  7 
Downriver 

Time,  seconds 

480 

540 

Actual  distance,  feet 

4715-5 

5586.9 

Ave.  speed  over  ground,  mph 
" M ",  fps 

6.70 

9-82 

7.06 

10.36 

Ave.  speed  thru  water,  mph 
" " " " , fps 

8.22 

12.06 

5.50 

8.06 

Shaft  horsepower,  stbd. 

" " , port 

" " , both 

741.8 

835.1 

1576.9 

651.4 

783.1 

1434.5 

Rudder  angle,  degrees 
(Positive  to  port) 

, minimum 
, maximum 
, average 

4.5 

14.9 

13-3 

-15.8 

8.6 

-4.4 

Yaw  rate,  degrees/second 
(Positive  clockwise) 

, minimum 
, maximum 
, average 

-0.558 

0.423 

-0.162 

-1.343 

0.790 

0.118 

Drift  angle,  degrees 
(Positive  to  port  of  C.L.) 

, minimum 
, maximum 
, average 

-23.32 

5.04 

-7.24 

-21.42** 

62.55** 

9.97 

Water  depth,  feet 

, minimum 
, maximum 
, average 

55.8 

120.1 

96.2 

37.5 

142.9 

93-5 

♦Reference  2 gave  Run  6 shaft  horsepower  ass 
733*  starboards  855*  ports  and  1588,  both. 

♦♦These  extreme  drift  angles  were  obtained  shortly 
after  the  downstream  turn  began. 


673000 


Wii’Jnsan 

Point 


675QQO 


670000 


Figure  29.  Path  of  Tow  TEST  RUN  7 - i POWER  TURN,  DOWNRIVER 
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Figure  29  shows  the  large  drift  angle  obtained  at  the 
start  of  the  run  when  the  pilot  used  a maximum  of  15.8°  starboard 
rudder.  The  track  of  the  pilothouse  and  bow  antenna  indicate 
the  successively  smaller  drift  angles  assumed  by  the  tow  as  the 
pilot  reduced  the  rudder  through  the  turn. 

Figure  30  shows  the  rudder  angle  ( S ) , drift  angle  ( 0 ) , 
yaw  rate  ( \J/  ),  and  tow  velocity  ( U ) plotted  as  one  minute 
averages  through  the  turn.  This  figure  shows  the  initial  speed 
loss  due  to  the  relatively  large  drift  angles  attained  at  the 
start  of  the  turn.  The  18°  average  drift  angle  obtained  at 
minute  2 of  Run  7 was  well  over  double  the  drift  angle  obtained 
at  the  same  point  in  time  during  Run  6,  although  comparisons 
between  Run  6 and  7 are  difficult  because  horsepower  measurements 
were  not  taken  during  Run  7.  Also,  the  approach  to  the  turn 
was  relatively  short  in  Run  7 and  the  tow  may  not  have  reached 
a constant  speed  prior  to  initiating  the  turn. 

Because  varying  rudder  angles  were  used  during  the  down- 
stream turn,  the  drift  angle  and  speed  loss  data  shown  in  Figure 
30  should  be  considered  as  indicating  the  approximate  level  of 
tow  performance  rather  than  absolute  performance  measures.  The 
drift  angles  obtained  in  the  upriver  and  downriver  runs,  however, 
do  tend  to  support  WES  model  test  results  which  indicate  that 
tows  traversing  bends  and  moving  with  the  current  have  substantially 
larger  drift  angles. 

Table  14  lists  the  performance  data  obtained  for  the 
downstream  turn  and  shows  that  the  tow  traveled  a distance  of 
5586.9  feet  at  an  average  speed  of  5*50  mph  through  the  water. 
Extreme  drift  angles  of  62.55  degrees  and  -21.42  degrees  were 
observed  at  the  start  of  the  turn.  These  drift  angles  should 
be  considered  suspect  because  the  trial  measurements  were  started 
about  this  time  and  the  data  could  contain  both  measurement  errors 
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and  initial  smoothing  errors  from  the  computer  processing.  The 
tow  made  an  88.5°  heading  change  during  540  seconds  of  the  turn 
at  an  average  instantaneous  yaw  rate  of  0.118°  with  extreme  yaw 
rates  of  0.790°  and  -1.3^3°/second  obtained  during  the  initial 
stages  of  the  turn. 

6.4  Test  Run  8 - Full  Power,  Zig-Zag,  Downriver 

The  final  steering  run  of  the  trials  was  a downriver  full 
power,  zig-zag  run  over  the  north  leg  *>f  the  course  as  shown  in 
Figure  31 • This  figure  shows  the  path  of  the  bow  and  pilothouse 
antennas  plotted  at  12  second  intervals  with  intersection  of 
their  tracks  indicating  the  two  zig-zag  maneuvers  completed  in 
Run  8.  The  third  zig-zag  maneuver  was  initiated  to  check  the 
momentum  of  the  tow  and  bring  it  back  on  course. 

Table  15  lists  the  zig-zag  maneuver  sequence  beginning 
with  the  time  when  the  pilothouse  was  abeam  the  north  range  mark. 
The  first  zig-zag  maneuver  was  a left  turn  using  10.7°  of  rudder 
with  the  initial  rudder  deflection  occurring  at  06:46tl8.  The 
rudder  was  steady  at  10.7°  left  at  06:46i33  and  was  maintained 
for  approximately  1 minute  until  the  10°  left  heading  change  had 


Table  15-  Run  8 - Zig-Zag  Maneuver  Sequence 
(Full  Power,  Downriver) 


Maneuver/Event 

Time 

1. 

PILOTHOUSE  ABEAM  NORTH  RAN IE 

06«46sl8 

2. 

Pilot  begins  port  rudder  movement 

06 i 46 : 18 

3- 

Rudder  angle  steady,  10.7°  port 

06 « 46 i 33 

4. 

Pilot  begins  starboard  rudder  movement 

06«47«30 

5. 

Rudder  angle  steady,  8.2°  starboard 

06»47»50 

6. 

Pilot  begins  port  rudder  movement 

06i49i 57 

7. 

Rudder  angle  steady,  9 >9°  port 

06»50«12 

8. 

PILOTHOUSE  ABEAM  MID-COURSE  RANGE 

06«51sl3 
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Figure  31.  Path  of  Tow  - TEST  RUN  8 - FULL  POWER,  ZIG-ZAG,  DOWNRIVER 
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been  achieved.  Subsequent  rudder  movements  for  the  zig-zag 
maneuvers  are  given  in  Table  15 . 


Figure  J2  shows  the  degrees  of  drift  angle,  rudder  angle, 
and  heading  angle  change  plotted  at  6 second  intervals  to  portray 
the  zig-zag  maneuvers.  This  figure  shows  that  the  zig-zag 
maneuvers  performed  in  Run  8 are  much  less  definitive  than  those 
performed  in  Run  5 — particularly  with  respect  to  rudder  movement 
and  heading  change.  During  the  first  zig-zag  maneuver,  for 
instance,  the  tow's  heading  had  only  reached  7°  to  port  when  the 


Figure  32.  Run  8 - Zig-Zag  Maneuver  Data 


starboard  rudder  movement  was  initiated.  This  starboard  rudder 
movement  only  achieved  an  opposite  angle  of  approximately  8° 
which  did  not  match  the  previous  11°  port  rudder  angle.  The 
next  zig-zag  maneuver  commenced  approximately  30  seconds  too 
soon  when  the  tow's  heading  was  only  2°  to  the  right  of  the 
initial  course  line. 

These  zig-zag  maneuver  irregularities  prevent  direct  compar 
ison  with  the  upstream  zig-zag  maneuvers  conducted  in  Run  5.  To 
an  extent  these  problems  were  anticipated  because  the  magnetic 
compass  in  the  pilothouse  was  used  to  determine  the  tow's 
heading  and  rather  large  oscillations  of  the  compass  card  were 
observed.  Also,  the  pilot  had  to  estimate  the  amount  of  rudder 
to  apply  and  then  wait  for  the  rudder  angle  indicator  to  display 
the  angle  actually  achieved. 

Table  16  shows  the  performance  statistics  obtained  during 
Run  8 for  a 355  second  period  beginning  1 minute  prior  to  the 
time  when  the  pilothouse  was  abeam  the  north  range  mark.  In 
general,  the  data  indicate  that  the  tow's  speed  was  reduced  by 
approximately  7 percent  from  the  time  when  the  first  zig-zag 
maneuver  commenced  until  the  tow  was  abeam  the  mid-course  range. 
Maximum  drift  angles  of  7.939°  and  -12.341°  were  obtained  with 
an  average  drift  angle  of  -I.9010  for  this  test  run.  The  tow 
traveled  a distance  of  6470.6  feet  at  an  average  speed  of  10. 56 
mph  through  the  water  with  maximum  yaw  rates  of  O.3630  and 
0.4l9°/second  recorded  during  the  zig-zag  maneuvers. 
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Table  16.  Test  Run  8 Performance  Data 


(Full  Power,  Zig-Zag, 

Downriver) 

North 

Exxon, ** 
Dravo 

Performance  Variable 

..Leg 

Data 

Time,  seconds 

355 

209 

Actual  distance,  feet 

64?0.6 

— 

True  Course,  degrees 

179.09 

— 

Ave.  speed  over  ground,  mph 

12.43 

12.26 

" ” " " , fps 

18.23 

17.98 

Ave.  speed  thru  water,  mph 

10.56 



" " " " , fps 

15.49 

— 

Shaft  horsepower,  stbd. 

1493.7 

1496.0 

’*  " , port 

1692.5 

1705.0 

" " , both 

3186.2 

3201.0 

Rudder  angle,  degrees 
(Positive  to  port) 

, minimum 

-8.2 

— 

, maximum 

11.9 

— 

, average 

1.1 

Yaw  rate,  degrees/second 
(Positive  clockwise) 

, minimum 

-0.419 

— 

, maximum 

0.363 

— 

, average 

0.016 

— 

Drift  angle,  degrees 
(Positive  to  port  of  C.L. ) 

, minimum 

-12.34 

— 

, maximum 

7.94 

— 

, average 

-1.90 

— 

Fuel  consumption  rate 

( Pound  s/BHP-hour ) 

— 

0.345 

Water  depth,  feet 

, minimum 

28.0 

— 

, maximum 

61.9 

— 

, average 

36.6 

— 

♦This  data  also  includes  a 60  second  approach 
period  in  addition  to  the  295  seconds  which 
elapsed  when  traversing  the  North  Leg. 

♦♦Reference  2. 
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VII.  RANGE  MEASUREMENT  DATA  PROCESSING 


The  most  critical  portion  of  the  data  processing  activities 
related  to  the  reduction  of  the  range  data  recorded  during  the 
trials  into  smoothed  X,Y  coordinates.  To  accomplish  this, 
the  processing  sequence  shown  in  Figure  33  was  employed  with 
the  aid  of  a computer  program  composed  of  modular  algorithms 
to  perform  the  necessary  computations.  This  section  focuses 
on  the  analytical  considerations  required  to  transform  the 
raw  range  data  recorded  during  the  tow  trials  into  a second- 
by-second  mapping  of  tow  movements,  positions,  and  attitudes. 
Examples  of  the  resulting  computerized  data  are  given  in 
Appendix  A. 

Figure  33  shows  two  large  blocks  on  the  left  indicative 
of  the  effort  required  to  provide  a program-accessible,  ordered 
array  of  range  data  located  on  tape  and  indexed  according  to 
the  time  and  test  number  of  each  trial  run.  The  first  block 
portrays  the  manual  editing  procedures  taken  to  prepare  the 
recorded  range  measurements  for  formatted  data  entry  and 
magnetic  tape  storage  prior  to  computer  analysis.  The  second 
block  indicates  interactive  editing  procedures  required  to 
check  the  computer  formatted  data  list  and  to  correct  errors 
due  ,0  data  translation  and  key  punching. 

A series  of  twelve  numbered  blocks  follow  which  describe 
the  algorithic  sequence  of  the  calculations.  The  critical 
nature  of  this  processing  sequence  is  demonstrated  by  the 
fact  that  four  range  measurements  from  the  trials  generated 
numeric  values  for  12  dynamic  parameters  which  describe  tow 
motions.  Figure  34  lists  and  describes  the  parameters  com- 
puted from  the  initial  range  measurements. 


Figure  33-  Range  Measurement  Processing  Sequence 
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Input 


Output 


t = 
R = 
X = 

Y = 
X = 

Y = 
X = 

Y = 
* = 

<A  = 

u = 
u = 
/3  = 


• t 

• R, 


3 

l4 


Block  1 through  12 
Computations 
(Figure  33) 


Rl.R2.ft3.R4 

Xp, Yp.Xg. Yg 

v> , <A  , $ 
xG, xG, Xg 

YG,YG,YG 
/3  , U , U 


Description 

time (seconds) 

Range (meters)  between  antenna  and  transponder 
Geographic  north-south  axis,  positive  northward (feet) 

" east-west  axis,  positive  eastward (feet) 

dx/dt  = velocity (feet/second) 
dY/dt  = " ( " ) 

p p p 

d X/dt  = acceleration  feet/second*1) 
d2Y/dt2  = " ( ) 

true  heading  angle  of  the  tow(degrees) 
di^/dt  = yaw  rate  (degrees/second) 

p p A 

d^iA/dt^  = angular  acceleration(degrees/second‘;) 

(X  + Y )a  = resultant  velocity(feet/second) 

(X2  + Y2)2  = " acceleration(feet/second2) 

drift  angle (degrees)  measured  from  U to  the  tow's  heading, 
positive  clockwise 


Notation 


B,  subscript  denoting  bow  antenna 
P,  " " pilothouse  antenna 

G,  " " center  of  gravity 

denotes  revised  or  smoothed  value 


Figure  34.  Computed  Tow  Parameters 


The  initial  range  measurements  were  adjusted  and  smoothed 
as  slv'wn  in  Blocks  1 through  5 in  Figure  33  to  provide  second- 
by-second  range  measurements  R Detween  antenna  on  the  tow 
and  transponder  ashore.  The  R values  were  then  used  to  compute 
X,Y  coordinates  for  the  tow  antennas  in  Block  6 given  as  Xp, 

Yp  and  Xg,  Yg  for  the  pilothouse  and  bow  antennas,  respectively. 
Block  7 smoothed  these  Xp,  Yp  and  Xg,  Yg  values. 

The  heading  angle  0 1 shown  by  Block  8,  was  calculated 
from  the  smoothed  Xp,  Yp  and  Xg,  Yfi  data  with  the  angular 
velocity  </>  and  acceleration  obtained  by  differentiating 
equations  for  ^ . Block  9 used  the  Xp,  Yp  coordinates  and 
heading  angle  ^ to  compute  coordinates  for  the  tow's  center 
of  gravity,  Xg  and  Yg.  The  Xg,  YQ  values  were  then  smoothed 
in  Block  10  by  fitting  regression  equations  to  the  data  to 
obtain  revised  values  which  were  differentiated  to  obtain 
velocity  (X  and  Y). 

Block  11  smoothed  the  velocity  data  by  fitting  linear 
regressions  which  were  differentiated  to  provide  accelerations, 

X and  Y.  The  drift  angle  $ and  resultant  velocity  and  accel- 
eration were  computed  in  Block  12  from. the  smoothed  velocity 
and  heading  angle  data. 

The  computations  involved  in  obtaining  the  above  parameters 
are  described  in  the  following  sections. 

7.1  Preparation  of  Range  Measurements  for  Processing 

Each  range  reading  was  manually  examined  for  consistancy 
to  determine  if  the  reading  was  reasonable.  Erroneous  readings 
were,  for  the  most  part,  easily  identified  and  discarded  due 
to  the  large  numeric  difference  between  successive  "valid” 
readings.  The  erroneous  readings  were  due  primarily  to  the 


inclusion  of  reflected  signals  from  metallic  structures 
along  the  test  course  and  off  of  the  tow. 

Table  17  shows  a sample  of  the  actual  range  measurements 
recorded  by  the  pilothouse  and  bow  receivers  during  the  trial. 
These  data  were  contained  in  Volume  2 (Part  1 and  2)  and 
Volume  3 of  the  preceding  report  [8].  The  Table  17  data 
were  taken  from  Volume  2,  Part  1,  page  27. 

When  multiple  range  entries  occurred  at  a given  time, 
such  as  shown  by  the  boxed-in  values  in  Table  17,  the  valid 
ranges  were  averaged  and  rounded  to  the  nearest  whole  meter. 
Erroneous  datum,  which  were  later  excluded,  are  shown  with 
single  lines  through  the  number.  The  reader  will  note  that 
most  erroneous  range  values  differ  from  valid  ranges  by  several 
hundred  meters.  Occasionally,  however,  two  range  readings 
would  fall  within  expected  limits  but  were  excluded--as  was  the 
case  for  the  range  readings  shown  for  the  Pilothouse  Receiver- 
Transponder  1 pair  at  "023436"  and  "023437".  This  was  done 
because  selecting  one  of  the  values  would  logically  require 
excluding  the  other,  possibly  valid,  range. 


Following  this  manual  editing  precedure,  the  recorded 
range  data  were  coded  onto  80- column  IBM  cards,  read  into  the 
computer  and  stored  on  magnetic  tape.  An  example  of  the 
computerized  data  is  given  by  the  computer  printout  shown  in 
Table  18  and  contains  edited  data  from  Table  17.  The 
clock-time  and  number  seconds  used  to  index  the  recorded 
range  data  are  shown  in  the  two  left  hand  columns.  The  next 
four  columns  contain  measurements  from  each  transponder- 
receiver  pair  which  are  used  to  calculate  tow  position  and 
attitude.  Each  column  shows  the  distance  in  meters  from  a 
given  transponder  to  the  receiving  antenna  at  a given  second 
in  time. 


77 


PILOTHOUSE  RECORDER 


TIME 
023459 
0 2 3 4 r>  7 
023456 
023455 
023454 
023454 


023453 
023452 
0 2 3 4 5 1 
023450 
023449 
023449 
023449 
023447 
023446 
023445 
023445 
023444 
023443 
023442 
0 2 3 4 4 1 
023440 
023440 
023439 
023438 
023437 
023436 
023435 


023434 
0 2 3 4 3 3 
2 3 4 3 


0 2 3 4 3 1 
0 2 3 4 3 1 
0 2 3 4 3 0 

0 2 3 4 2 9 
023428 


TRAN  1 
0 3 3 6 9 
0 3 3 6 4 
0 3 36  4 


0 3 3 5 1 
0 3 3 8 3 
0 3 3 4 2 
0 3 3 3 7 
0 3 3 3 5 
0 3 3 3 0 
03329. 
0 3 3 2 6 
0 3 3 2 0 


0 3 3 1 C 
0 3 3 0 6 

■0-3  6 4-1- 

0 3 3 0 1 


TRAN  2 
0 15  0 6 
0 15  0 3 
0 15  11 


0 3 3 6 3 

0 15  15 

0 3 3 5 6 

0 15  2 0 

0 3 3 5 3 

0 16  2 3 

0 15  2 7 
0 15  3 0 
0 15  3 1 
0 15  3'"' 
-0-+  0-5">- 
0 1 5 4 ■* 

0 15  4 7 
0 15  3 1 
0 15  5 3 


0 15  6 2 

0 15  6 6 
0 15  7 1 
0 15  7 5 
0 15  7 6 
0 15  9 0 1 
0 15  9 5 
0 15  3 5 
0 15  9 0 
0 1 ? 9 3 

0 1 5 0 P 
0 16  0 1 


0 16  17 
0 16  17 


6 1 
6 2 
6 2 
6 2 


C 1 6 5 5 
0 16  3 7 


Table  17. 

Example  of  Recorded 
Range  Keas urement s 


0 3 3 2 0 

0 15  5 6 

0 3 3 1 3 

0 1 5 6 0 

BOW 

TIME 

023458 

023455 

023452 

023450 

023447 

023444 

023442  • 

023439  • 

023437  ■ 

023434 

023431 

023429 

023426  • 


RECORDER 
TRAN  1 


-0  2 4-0-8- 


0 3 5 6 7 


TRAN  2 
0 12  0 7 
0 12  17 
0 12  2 3 

0 12  3 9 
0 12  4 6 
0 12  5 7 


0 12  7 8 
0 12  3 8 
-8  2 0-30 
0 13  0 9 
0 13  2 0 
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Table 

18. 

Computer  Printout 

of  Range 

Data 

1 1 

“t 

r«'i/  r Htua-:,  mi  ks 

81.*  RAf.GE . ME  TERS 

hMmmss 

SECS 

T A n S 1 

T RA h<3  2 

TR069  1 

TRA^S  2 

23021 

"TTi 

3216,0 

1655.0 

.0 

1 355,0 

2 302,? 

«2  3 

3223.0 

1650,0 

.0 

.0 

23023 

52u 

.0 

1606.0 

3530,0 

1 319,0 

23020 

‘>25 

.0 

1603,0 

.8 

23025 

026 

3230.0 

1601,0 

,n 

.0 

. 2302* 

o?/ 

32  38,0 

1636.0 

.0 

.0 

23027 

02a 

.0 

1627.0 

.0 

• « 0 

2302a 

‘‘20 

.0 

1626,0 

*0 

.8 

23020 

0 30 

.0 

1620, -o 

.C 

1320,0 

23030 

031 

.0 

16  18,0 

.0 

« 8 

2303J 

0 32 

• o 

1010,0 

3567.0 

1 309, C 

23032 

0 $3 

.0 

1609, 0 

.8 

.0 

23033 

0 3u 

.0 

1607.0 

.0 

.0 

23030 

0 35 

.0 

1603,0 

.0 

.0 

2 30  35 

036 

.0 

1600. C 

.0 

230  36 

0 4/ 

,8 

1593,0 

.0 

23  037 

036 

.0 

1 56° , 0 

.0 

1288,0 

23038 

«;  jo 

.0 

1535.0 

f 

• ' 

.0 

2 30  30 

Ooo 

,0 

1585,0 

,0 

1278.0 

23ooo 

9/1  \ 

.0 

1578,6 

.0 

.8 

23001 

Vo? 

3301 .0 

1 57  3.') 

.0 

.8 

23002 

>•>  1 

.0 

1571  .0 

.0 

.0 

2 300  3 

U'l'4 

3306 .0 

1566,0 

.0 

.0 

23ooo 

U <4  S 

3310,0 

1562.0 

.0 

1 267.0 

230O5 

0 0(3 

3316.0 

>558.0 

.0 

.0 

2 3006 

00  / 

3320,0 

1553.0 

.8 

23007 

ooa 

3326.0 

• 1551.0 

.0 

1206,0 

23ooe 

000 

3323.0 

1 5 0 7 , 0 

.0 

.8 

23ooo 

oso 

3332.0 

1 5oi,  o 

.0 

2305U 

051 

3337,0 

1 5 36.0 

.0 

1239,0 

2 3051 

052 

3342,0 

1531  .o 

.0 

.8 

23052 

053 

.0 

1 9 30, 0 

.0 

1228.0 

23053 

OSo 

3 351  .(i 

1 52  7.0 

.1 

.0 

23050 

OSS 

335  '».o 

1522.0 

.0 

23055 

OSo 

3363,0 

1515,0 

1217.0 

23056 

057 

3 jff.n 

iSil.o 

. 0 

.8 

23057 

056 

3 5 

1508.0 

.0 

.8 

230SH 

05  '■» 

3 47  1 .0 

1 5 0 6 , o 

• 

1207,0 

7.2  Time  Correction  of  Range  Measurements 


Analysis  of  the  range  readings  obtained  after  the  tow 
trials  indicated  that  there  were  time  discrepencies  between 
simultaneous  range  measurements  recorded  for  the  pilothouse 
and  bow  receivers.  By  manually  solving  for  the  tow's  position 
using  the  geometry  of  the  measured  ranges  and  known  transponder 
antenna  separation  distance,  it  was  possible  to  compute  a 
distance  for  antenna  separation  on  the  tow.  By  subtracting 
the  actual  from  the  computed  antenna  separation  distance  and 
dividing  this  difference  by  the  tow's  speed,  the  time  dis- 
crepancy between  the  receiver  on  the  bow  and  on  the  towboat  was 
obtained.  This  gave  the  relationship  shown  in  the  following 
equation  where  Tc  = the  relative  time  error  in  seconds  between 
bow  and  towboat  receivers,  Dc  = the  computed  antenna  separation 
distances,  DA  = the  actual  antenna  separation  distance  in 
feet  (1038  feet),  and  U = the  velocity  of  the  tow  in  feet/seconds. 

Tc  = [Dc  - Da]/U  = [Dc  - 1038]/U  (1) 

By  convention,  the  correct  time  was  taken  to  be  that 

recorded  by  the  towboat's  receiver.  With  the  towboat  moving 

forward,  Tc  was  negative  (Dc  < DA)  when  the  clock  in  the  bow 

receiver  was  running  faster  than  the  clock  in  the  towboat 

receiver;  T was  positive  (D  > D.)  when  the  bow  receiver 

clock  was  slower.  The  bow  receiver's  time  difference  was 

corrected  to  that  of  the  pilothouse  receiver  by  algebraically 

adding  T to  the  time  given  by  the  bow  receiver, 
c 

Figure  35  shows  the  manually  calculated  Tc  values  as 
short,  heavy  vertical  lines  plotted  against  the  pilothouse 
receiver  time  Tp,  where  the  Tp  is  given  as  decimal  fractions 
of  hours.  When  plotted,  these  data  showed  a relatively  constant 
or  linear  increase  over  time  due  to  the  probable  low  input 


Figure  35.  Bow  Receiver  Time  Error 


line  voltage  to  the  bow  receiver  unit.  These  data  were 
used  to  develop  a least-squares  linear  regression  equation 
shown  by  the  dashed  line  in  Figure  35  and  given  as: 

Tc  = 5.63  + 2.97  Tp  (2) 

with 

2 

r = correlation  coefficient  = 0,989 
s = standard  error  = 0.221. 

When  Eq.  2 was  used  to  adjust  the  bow  receiver  times, 
it  was  found  to  understate  the  time  correction  by  approximately 
1 second.  Eq.  2 was  then  modified  to  bring  the  intercept 
closer  to  that  of  the  lower  limit  shown  in  Figure  35  and 
became 

Tc  = 5.0  + 3.0  Tp  . (3) 

From  Eq.  3,  the  error  rate  for  the  bow  receiver  was 
taken  as  3 seconds  per  hour  with  the  zero  (0)  error  point 
being  1.6?  hours  (01:40:00).  This  time  differs  from  the 
actual  time  of  calibration  during  the  trials  (01:30:00) 
when  the  bow  receiver  was  set  to  the  pilothouse  receiver’s 
time . 

The  time  adjustment  was  accomplished  by  converting 

the  clock  time  at  each  second  to  fractional  hours  and  solving 

for  T . T was  then  rounded  to  the  nearest  whole  second 
c c 

and  algebraically  added  to  the  number  of  seconds  used  as  the 
time  index.  The  bow  receiver  ranges  were  then  placed  in  the 
array  corresponding  to  the  corrected  index  time. 


7.3  Transponder  Height  Correction  of  Range  Measurements 

Of  the  four  transponders  used  during  the  test,  only 
Transponder  1 located  on  the  Capitol  Building  had  a signi- 
ficantly  different  height  than  the  height  of  the  antennas 
on  board  the  tow.  The  height  difference  between  Transponder 
1 and  the  tow  antennas  was  taken  as  approximately  350  feet 
(106.68  meters)  based  upon  the  elevation  given  for  the  Capitol 
Building.  The  other  three  transponders  were  estimated  to 
have  vertical  height  variations  of  less  than  40  feet  from 
the  height  of  the  tow  antennas.  Because  these  variations 
introduced  a maximum  error  of  less  than  0.5  feet  in  hori- 
zontal range  readings  , well  within  the  3 meter  accuracy  of 
the  Miniranger  equipment  , they  were  disregarded. 

Figure  36  shows  the  relationship  between  the  measured 
range  (R),  the  transponder  height  (H),  and  the  adjusted 
range  (R)  in  which  the  adjusted  range  is  given  by 

R = R-Cos[arcSin(H/R)]  (4) 
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7.4  Computed  Range  Measurements 

The  test  program  was  designed  to  provide  four  independent 
range  measurements — two  at  each  antenna  on  the  tow — to  estab- 
lish tow  position  and  attitude  in  the  waterway.  Due  to 
signal  reflections  which  distorted  range  readings  at  certain 
points  along  the  test  course,  periods  of  time  greater  than 
1 minute  occurred  v/here  only  3 of  the  4 transponders  were 
providing  valid  data. 

To  compensate,  an  algorithm  was  developed  to  compute 
the  missing  fourth  range  using  the  transponder  and  antenna 
separation  distances  and  the  three  other  ranges  to  trig- 
onometrically solve  for  the  fourth.  This  method,  however, 
provided  a nonunique  solution.  To  resolve  this  ambiguity, 
a logic  variable  v/as  specified  which  identified  one  of  four 
possible  orientations  for  the  tow  antennas  and  transponders. 

Figure  37  gives  examples  of  the  four  possible  geometries 
assuming  the  tow  antennas  are  both  cn  the  same  side  of  a 
baseline  connecting  the  transponders.  Figure  37  also  assumes 
that  each  antenna  unit  receives  signals  from  the  same  two 
transponders--as  was  the  case  during  the  November  trials. 

For  each  of  the  geometries  in  Figure  37,  the  appropriate 
interior  angles  were  computed  using  the  Cosine  Formula.  The 
same  formula  v/as  then  used  to  solve  for  the  unknown  side 
(range).  This  formula,  a = b + c - 2bc  cos (A),  was 
particularly  useful  since  it  provided  unambiguous  solutions 
for  interior  angles  greater  than  90°. 
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After  defining  the  correct  geometry,  the  solution 
algorithm  varied  because  the  angle  required  to  solve  for 
the  missing  range  was  either  an  additive  or  subtractive 
composite  of  two  interior  angles.  For  example,  Case  1 
in  Figure  37.  shows  three  angles  a , /3 , and  y which  are 

substituted  in  the  Cosine  Formula  as  illustrated  below. 


Case  1 Example 


Unknown  Range 

Triangle 

Composite  Angle 

TT1 

TT1T2 

a = Y - i 3 

BT^ 

bt1T2 

y = a +/3 

Missing  data  were  computed  using  the  foregoing  method 
for  segments  of  the  trial  runs  occurring  south  of  the  190 
Bridge.  These  computed  ranges,  together  with  recorded 
ranges,  provided  the  edited  data  base  for  calculating  tow 
position  and  attitude. 


7.5  Smoothing  of  Range  Data  Recorded  During  the  Trials 

Range  measurements  recorded  during  the  trials  had  an 
expected  accuracy  of  3 meters.  Because  of  this  large  varia- 
tion, the  data  had  to  be  smoothed  or  regressed  to  provide 
more  accurate  range  values. 

An  important  consideration  was  defining  the  mathematical 
function  which  properly  characterized  a sequence  or  range 
measurements  with  respect  to  time.  Because  the  range  measure- 
ments obtained  during  the  trial  represent  the  movement  of 
an  antenna  on  the  tow  past  a fixed  transponder  site,  the 
range  values  plot  as  a curve  with  respect  to  time  unless: 

1)  the  tow  was  traveling  in  a circle  around  the  transponder; 
or  2)  the  tow  was  following  the  path  of  a straight  line 
radiating  outward  from  the  transponder.  These  two  cases 
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did  not  apply  to  the  triads  and  meant  that  a non-linear 

p 

equation  should  be  used.  A parabolic  form  (R  = a + bt  + ct  , 
where  R = range,  t = time)  was  chosen  as  being  the  most 
robust. 

A second  factor  considered  was  the  method  of  fitting  the 
smoothing  equation  to  the  data.  The  initial  method  considered 
was  to  sequentially  step  through  the  range  data  by  fitting 
the  first  half  of  the  curve  to  previously  smoothed  data  and 
the  second  half  to  the  unsmoothed  data.  Another  method 
considered  was  to  simply  step  through  the  unsmoothed  data, 
sequentially  fitting  regression  curves.  Each  method  assumed 
that  the  mid-point  in  the  fitted  curve  would  be  solved  to 
provide  the  smoothed  value.  A number  of  tests  indicated  that 
there  were  relatively  small  differences  between  these  two 
methods  and  that  the  critical  considerations  related  to  the 
number  of  data  points  and  the  time  span  included.  For  this 
reason,  the  simpler  technique  of  fitting  a regression  curve 
to  unsmoothed  data  and  solving  for  the  mid-point  was  adopted. 

Determining  the  number  of  data  points  and  time  span  for 
the  regression  equation  required  that  only  odd  numbers  of  data 
points  (5,  7,  9.  11,  . . . ) be  considered.  Several  regression 
smoothing  tests  were  made  using  range  data  recorded  during 
the  trials.  Both  data  recorded  at  1 second  intervals  from 
the  pilothouse  receiver  and  at  2-4  second  intervals  from  the 
bow  receiver  were  tested.  These  tests  were  evaluated  in 
terms  of  the  standard  error  of  the  estimate,  s,  given  byi 

8 = [ I(R-ft)2/N]*  (5) 

where  s = the  standard  error  of  the  estimate,  R = the  recorded 
range  value,  $ = the  estimated  range  value,  and  N = the  number 
range  values  regressed. 


Table  19-  Example  Standard  Errors  After  Regression 


Table  19  provides  examples  of  s for  a 5 minute  segment 
of  recorded  data  from  the  first  trial  run.  The  effect  of 
including  different  numbers  of  data  points  in  the  regression 
is  illustrated  by  comparing  regression  data  from  ranges  recorded 
at  different  time  intervals.  For  instance,  range  data  from 
the  pilothouse  receiver  were  recorded  at  intervals  of  slightly 
more  than  1 second.  As  the  number  of  range  measurements 
included  in  the  regression  were  increased  from  7 to  31 , the 
standard  error  increased  from  1.741  to  2.262  meters.  The  bow 
receiver  recorded  range  measurements  at  intervals  of  2 to  4 
seconds.  As  the  number  of  range  measurements  included  in  the 
regression  were  increased  from  7 to  19,  the  standard  error 
remained  reasonable  constant  between  2.1  and  2.2  meters. 
Examination  of  printout  lists  of  the  regressed  data  points 
indicated  that  a time  span  of  from  15  to  30  seconds  appeared 
to  provide  the  best  compromise  between  smoothing  effectiveness 
and  regression  accuracy.  Generally,  when  the  average  time 
interval  between  data  points  was  large  (greater  than  3 seconds), 
7 data  points  were  used.  When  the  interval  was  very  close 
to  1 second,  15  data  points  were  used. 


Regression 

Standard 

Data  Points 

Error,  s 

Pilothouse  Receiver 

(meters) 

• 300  seconds 

7 

1.741 

• 298  data  points 

11 

1.976 

• 1.007  second  average 

interval 

1 

2.032"  1 

19 

2.090 

21 

2.127 

23 

2.137 

27 

2.198 

31 

2.262 

Btw  Receiver 

• 300  seconds 

1 7 

2.113  i 

• 83  data  points 

11 

2^148 

• 3*614  second  average 

interval 

15 

2.107 

19 

2.186 

The  regression  equations  for  smoothing  were  also  used 
to  compute  range  values  in  intervals  where  none  were  recorded 
Because  the  regression  logic  fitted  a curve  to  data  about  a 
mid-point  in  the  curve,  missing  values  were  computed  for  each 
second  of  the  interval  between  the  mid-point  and  the  next 
data  point.  When  it  was  necessary  to  compute  the  fourth 
range  from  three  other  range  readings  (as  discussed  in 
Section  7.4),  the  three  known  range  values  were  jmoothed 
before  the  fourth  range  was  computed.  The  computed  fourth 
range  values  were  then  smoothed  as  indicated  in  Figure  33  by 
the  dashed  line  connecting  Blocks  2 and  5* 


Standard  errors  obtained  from  the  range  smoothing 
regressions  are  given  in  Table  20  for  the  four  straight 
course,  speed-power  trial  runs  and  in  Table  21  for  the  four 
steering  runs.  Examination  cf  Tables  20  and  21  show  that 
19  regression  passes  have  s values  ranging  from  1.5  - 2.0 
meters,  8 ranging  from  2.0  - 2.5  meters,  6 with  values  greater 
than  2.5  meters,  and  5 with  values  less  than  1.5  meters.  In 
general,  regression  data  for  the  computed  ranges  exhibit 
smaller  standard  errors  than  the  regression  data  for  the 
ranges  recorded  during  the  trial.  This  is  due,  in  part, 
to  the  fact  that  computed  ranges  are  computed  for  each  second 
while  the  recorded  ranges  included  time  gaps. 


Table  21  shows  the  range  values  for  the  Bow  Receiver — 
Transponder  4 pair,  required  secondary  smoothing  due  to  the 
large  standard  error  obtained  during  the  initial  regression. 

In  this  case,  a second  smoothing  pass  was  made  using  a linear 
equation  of  the  form  R = a + bt.  Table  21  also  shows  that 
the  bow  receiver  tended  to  produce  larger  standard  errors  than 
the  pilothouse  receiver  due  to  the  fact  that  fewer  range 
measurements  were  recorded  per  unit  time. 
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Table  20.  Range  Smoothing  Regression  Data 
(Four  Straight-Course,  Speed-Power  Runs) 


Table  21.  Range  Smoothing  Regression  Data 
(Pour  Steering  Runs) 


(a)  Regression  Regressed  Standard 

Trial  Run  Receiver  Transponder  Points  Data,  N Error,  s 

(meters) 


(1010  seconds) 


P 

P 

B 

B 


(550  seconds) 


P 

P 

B 

B 


1 

2 

1 

2 


15 

15 

7 

7 


3 

4 


13 

13 

7 

7 


940 

992 

282 

348 


390 

502 

146 

176 


1.646 

1.618 

3.530 

2.068 


1.783 

1.351 

3-122 

1.507 


7 

P 

3 

13 

392 

1.858 

(590  seconds) 

P 

B 

4 

3 

13 

7 

548 

142 

1.615 

2.309 

B 

4 

} (b) 

7 

188 

5.763 

B 

4 

7 

590 

0.872 

8 

P 

1 

15 

344 

2.279 

(415  seconds) 

P 

B 

2 

1 

(c) 

15 

7 

401 

103 

1.626 

1.934 

B 

1 

(d) 

15 

183 

1.736 

B 

2 

7 

145 

2.250 

(a)  P = Pilothouse  Receiver, 

(b)  Due  to  the  large  initial 

B = Bow  Receiver 
error  (5-763  meters), 

a second 

smoothing  pass  was  made  using  a linear  form. 

(c)  Smoothing  only  the  data  recorded  during  the  trial. 

(d)  Smoothing  of  range  data  computed  from  other  range  measurements. 
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7.6  Compute  Antenna  X,Y  Positions 

After  smoothing  the  recorded  range  data,  two  range 
measurements  were  available  for  each  tow  antenna  at  each 
second  of  the  trials.  These  range  measurements  together 
with  known  transponder  X,Y  coordinates  provided  the  data  to 
compute  the  tow's  position  and  attitude  in  the  waterway. 

Figure  38  shows  the  required  translation  of  reference 
axes  from  the  plane  coordinate  system  used  by  the  Geodetic 
Survey  to  a system  used  to  describe  vehicle  motion  [9]. 
Previous  sections  of  the  report  (Sections  III,  V,  and  VI)  gave 
geographic  positions  in  terms  of  X,Y  coordinates  typically 
used  in  surveying  in  which  X was  positive  eastward,  Y positive 
northward,  and  Z positive  upward  from  the  earth's  surface. 


Figure  38.  Translation  of  Plane  Coordinate  Axes 
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Using  this  coordinate  system,  bearing  angles  measured  clock- 
wise from  North  (the  Y axis)  conflicted  with  traditional 
vehicle  motion  axes  in  which  the  Z axis  was  positive  downward, 

The  translation  was  accomplished  by  changing  coordinate 
labels  (X  to  Y,  Y to  X).  The  resulting  coordinates  were  X 
positive  northward,  Y positive  eastward,  and  Z positive  down- 
ward in  the  direction  of  increasing  water  depth.  True 
bearings,  measured  clockwise  from  north  (000°  to  360°),  were 
consistant  with  the  commonly  used  "right-hand  screw  rule" 
notation  for  angular  direction. 

Figure  39  gives  the  solution  geometry  for  antenna  X,Y 
positions.  T-^  and  T2  are  the  transponder  positions,  and  D 
the  distance  between  them.  The  true  bearing  of  T2  from  T^ 
is  given  as  0.  The  ranges  from  the  tow's  antenna  (A)  to  the 
transponders  are  given  as  R1  and  R2,  respectively. 


Tow  Antenna 
A(X.,YA)  « 


Figure  39  • Typical  Antenna  and  Transponder  Geometry 


Given  3 sides  of  the  triangle,  R^,  R,,,  and  D,  the 
angle  a can  be  computed  using  the  Cosine  Formula  (Section  7.4) 
and  added  to  or  subtracted  from  0 to  solve  for  antenna 
coordinates,  XA  and  Y^.  The  location  of  the  transponder 
and  tow  antenna  relative  to  the  transponder  baseline  (D) 
determines  whether  a is  added  to  or  subtracted  from  0 . 

Computing  XA  and  Y^  values  shown  in  Figure  39  required 
that  R-^  and  R2  be  converted  from  meters  to  feet.  Following 
this  conversion,  XA,  YA  coordinates  are  calculated  for  each 
antenna  at  every  second  of  the  trial  run. 

7.7  Smooth  Antenna  X,Y  Position  Data 

The  antenna  X,Y  positions  were  smoothed  using  a linear 
regression  and  solving  for  the  mid-point.  This  reduced  the 
"wobble"  caused  by  computing  X and  Y values  from  two  inde- 
pendently smoothed  ranges.  The  linear  regression  smoothing 
technique  was  chosen  as  being  the  most  unbiased  for  short 
periods  of  time  (6-10  seconds).  Using  a parabolic  regression 
would  have  required  an  understanding  of  tow  dynamics  and 
system  measurement  accuracies  unavailable  at  this  time.  As 
a check,  a number  of  smoothing  regression  tests  were  made 
using  both  linear  and  parabolic  forms  to  determine  which 
method  was  superior.  In  each  case,  the  linear  regression 
provided  the  most  realistic  values. 

Table  22  shows  the  standard  errors  (in  feet)  obtained 
from  the  smoothing  the  antenna  X,Y  data  in  which  s generally 
ranged  from  1 to  2 feet.  Of  the  32  regression  smoothing  passes 
made,  10  had  s values  less  than  1.0  foot,  16  had  values 
from  1.0  - 2.0  feet,  and  6 had  values  greater  than  2.0  feet. 
Most  important,  Table  22  shows  that  standard  errors  for 
the  pilothouse  antenna  were  all  less  than  2.0  feet.  This 
was  expected  because  of  the  more  frequent  range  readings 
obtained  by  this  unit  during  the  trials.  Also,  of  note  were 
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Table  22.  X,Y  Antenna  Regression  Smoothing  Data 


(a)  Regression  Regressed  Standard 

Trial  Run  Antenna  Coordinate  Points  Data,  N Error,  s 


(880  seconds) 


0.860 

1.662 

1,062 

1.793 


(1035  seconds) 


0.740 

1.597 

0.983 

2.200 


(935  seconds) 


0.957 

1.733 

0.909 

2.027 


(1010  seconds) 


(590  seconds) 


0.706 

1.503 

0.Q76 

2.967 


6 

P 

X 

M 

550  1 

(550  seconds) 

P 

B 

Y 

X 

•I 

If 

] 

" ] 

B 

Y 

II 

" 2 

1.170 

1.168 

1.519 

1.770 


(415  seconds) 


0.722 

1.886 

0.928 

2.530 


(a)  P = Pilothouse  Antenna  B = Bow  Antenna 


the  consistantly  higher  s values  for  the  Y coordinate  at 
both  antennas.  These  larger  errors  were  most  noticeable  for 
trial  runs  1 through  5 and  trial  lun  8 when  the  tow  vas 
travelling  in  a north-south  direction  (primarily  along  the 
X axis). 


7.8  True  Heading  Calculation 

The  tow's  attitude  in  the  waterway  is  determined  by 
computing  its  true  heading  angle  using  the  smoothed  antenna 
X,Y  data  described  in  the  previous  section.  Figure  40 
shows  the  geometry  of  the  tow  and  graphically  depicts  the 
relationship  between  the  antennas  and  heading  angle.  The 
X-axis  is  shown  as  the  north-south  axis  with  the  tow's  true 
heading  angle  ( \p  ) drawn  to  the  tow's  centerline. 


Because  the  antennas  were  located  approximately  along 
the  centerline  of  the  tow,  computing  the  true  heading  involved 
determining  the  bearing  angle  of  the  bow  antenna  from  the 
pilothouse  antenna.  This  bearing  angle  was  taken  as  the 
angle  measured  clockwise  from  the  X axis  to  the  line  connecting 
the  pilothouse  and  bow  antenna.  This  angle  was  then  adjusted 
because  the  two  antennas  were  not  parallel  to  the  tow's 
centerline. 

After  the  heading  angles  were  computed  for  each  second 
of  a trial  run,  these  angles  were  made  functions  of  a second 
degree  equation  in  time  (t)  given  by  Eq.  6 below.  The 
three  coefficients  (a,  b,  c)  were  solved  using  simultaneous 
equations  given  3 adjacent  values  for  t and  0 . The  yaw 
rate  ( 0 in  Eq.  7 ) and  the  angular  acceleration  ( 0’in  Eq.  8) 
were  the  first  and  second  derivatives  evaluated  at  the  mid- 
point . 


0 = f(t)  = a + bt  + ct2 

(6) 

0 = f' (t)  = b + 2ct 

(7) 

0 = f"(t)  = 2c 

(8) 

7. 9 Center  of  Gravity  X,Y  Coordinates 

V 

The  distance  between  the  Miniranger  antennas  and  key 
points  on  the  tow  were  determined  from  measurements  taken 
when  the  antennas  were  installed  prior  to  the  trials.  These 
measurements  together  with  dimensional  data  describing  the 
tow,  were  used  to  locate  the  center  of  gravity  relative  to 
each  antenna.  These  relationships  combined  with  the  second- 
by-second  antenna  X,Y  and  heading  angle  data  provided  X,Y 
coordinates  for  the  tow's  center  of  gravity  at  each  second 
during  the  trial. 
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Figure  40  depicts  the  geometry  used  to  locate  the  tow's 
center  of  gravity  G(XG,YG)  from  the  position  of  the  pilot- 
house antenna  (Ap)  and  the  heading  angle  {<!/).  XQ  and  YQ 
are  given  byt 

XG  = Xp  + D«Cos( ^ ) (9) 

Yq  = Yp  + D> Sin(  ^ ) (10) 

where  D is  the  distance  from  the  pilothouse  antenna  to  the 
center  of  gravity. 

7.10  Smooth  Center  of  Gravity  Coordinates  and  Compute  Velocity 

Major  end  products  from  the  computer  analysis  were  the 
specification  of  tow  velocities  and  smoothed  center  of  gravity 
coordinates  for  each  second  of  the  trial  runs.  The  center  of 
gravity  coordinates  required  smoothing  because  they  were 
calculated  from  independently  derived  bow  and  pilothouse 
coordinates.  The  linear  regression  equations  used  to  smooth 
the  coordinates  were  differentiated  to  obtain  velocity.  The 
fitted  equation  and  its  first  derivative  were  evaluated  at 
the  mid-point  to  give  the  smoothed  coordinate  and  velocity 
data. 

The  linear  regression,  used  for  smoothing,  fitted  5 data 
points  over  a 4 second  time  span.  This  time  span  was  chosen 
because  it  was  shorter  than  the  6 seconds  used  in  smoothing 
the  bow  and  pilothouse  antenna  coordinates  from  which  the 
center  of  gravity  coordinates  wera  derived.  Also,  the  4 
second  time  span  produced  no  artifical  flattening  of  data. 

Table  23  shows  the  standard  errors  obtained  from 
smoothing  the  XQ  and  YQ  data  for  the  eight  trial  runs.  For 
the  most  part,  s ranged  between  0.1  and  0.4  feet  with  XG 
having  a much  larger  standard  error  than  the  YG  coordinate. 

Of  the  16  smoothing  passes  made,  5 had  s values  under  0.2 
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Trial  Run 

Coordinate 

Regression 

Points 

Regressed 
Data,  N 

Standard 
Error,  s 

1 

X 

5 

1135 

(feet) 

0.179 

(1135  seconds) 

Y 

ft 

ff 

0.307 

2 

X 

if 

880 

0.196 

(880  seconds) 

Y 

if 

ft 

0.285 

3 

X 

ft 

1035 

0.162 

(1035  seconds) 

Y 

ff 

tf 

0.294 

4 

X 

«t 

935 

0.231 

(935  seconds) 

Y 

if 

ii 

0.322 

5 

X 

?}(a) 

1010 

0.292 

(1010  seconds) 

Y 

ti 

0.705 

6 

X 

5 

550 

0.179 

(550  seconds) 

Y 

ft 

ft 

0.345 

7 

X 

» }(a) 

590 

0.859 

(590  seconds) 

Y 

ti 

0.684 

8 

X 

5 

415 

0.168 

(415  seconds) 

Y 

ff 

11 

0.379 

(a)  Examination  of  X and  Y velocities  from  the  regression 
equation  using  5 data  points  showed  large  second-to- 
second  variations.  Using  7 data  points  reduced  this 
variation. 


feet,  8 had  values  between  0.2  and  0.4  feet,  and  only  3 had 
s values  greater  than  0.4  feet. 

Trial  runs  5 and  7 shown  in  Table  23  were  initially 
smoothed  using  5 data  points.  However,  examination  of  the 
X and  Y velocities  (X  and  Y)  resulting  from  differentiating 
the  regression  equations  showed  uncharactej  * stically  large 
second-to-second  variations.  When  7 data  points  were  used 
in  the  smoothing  regression,  the  resulting  X and  Y values 
appeared  much  more  realistic. 
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7.11  Smooth  X,Y  Velocity  and  Compute  Acceleration 

The  method  of  deriving  the  X and  Y acceleration  (X  and  Y) 
was  similar  to  the  method  employed  in  the  previous  section  to 
derive  velocities.  The  velocity  data  were  smoothed  by  fitting 
a linear  regression  (X,Y  = a + bt)  to  five  consecutive  points 
(4  second  time  span)  and  solving  for  the  mid-point  to  provide 
new  X and  Y values.  Differentiating  the  above  equation  with 
respect  to  time  provided  values  for  the  tow's  acceleration 
along  the  X and  Y axes  (X,Y  = b).  Table  24  shows  the  standard 


Table  24.  Velocity  Smoothing  Regression  Data 


Trial  Run 


Velocity 

Vector 


Regression 

Points 


Regressed 
Data,  N 


Standard 
Error,  s 
( feet/second ) 

0.04? 

0.085 

0.050 

0.078 

0.046 

0.035 

0.065 

0.090 

0.048 

0.113 

0.051 

0.092 

0.099 

0.081 

0.045 

0.104 


s 


errors  obtained  from  the  velocity  smoothing  regressions. 

Only  2 of  the  16  smoothing  calculations  resulted  in  s values 
greater  than  0.1  feet/second  and  none  had  values  less  than 
0.04  feet/second. 

7.12  Drift  Angle i Resultant  Velocity  and  Acceleration  Calculations 

The  drift  angle  ( P)  is  the  angle  formed  by  the  inter- 
section of  the  resultant  velocity  (U)  and  centerline  of  the 
tow  as  shown  in  Figure  41.  The  drift  angle  is  measured  from 
U to  the  tow's  centerline  and  is  positive  when  measured 
clockwise,  negative  when  measured  counter-clockwise.  The 
magnitude  of  U is  given  by  U = (X2  + Y2)^.  The  magnitude 
of  the  resultant  acceleration  is  given  as  U = (X2  + Y2)‘. 

Computationally,  /3  is  solved  at  each  second  of  a trial 
run  by  first  determining  the  true  direction  of  U,  defined  as 
9 and  given  in  degrees,  as  shown  below. 

e = arcTan( Y/X ) (11) 

where 

1 ) X i 0 and  Y i 0 , Q •*-  6 , • 

2)  X < 0 and  Y * 0,  6 *- 180°  - e, 

3)  X < 0 and  Y * 0,  6 180°  + e, 

4)  X > 0 and  Y s 0,  S ♦* 360°  - 6 1 

and, 

P = & - 9 . (12) 

When  P is  positive,  U is  on  the  port  side  of  the  tow's 
centerline. 


VIII.  RUDDER  ANGLE  DATA  PROCESSING 


Rudder  movements  during  the  trials  were  recorded  as 
voltages  on  a strip-chart  recorder.  These  voltages  (which 
varied  with  steering  system  displacement)  were  then  translated 
into  rudder  angles  using  a nomograph  constructed  to  match 
the  voltage  scale  of  the  recorder  with  a mathematical 
function  relating  the  rudder  angles  to  steering  system 
displacements.  This  relationship  was  checked  against 
voltage  and  rudder  angle  calibration  measurements  made 
prior  to  the  trials. 


Figure  ^2  gives  an  example  of  the  strip  chart  recordings 
obtained  during  the  trials.  The  vertical  axis  gives  the 
voltage  in  100  millivolts  increments.  The  hortizontal  axis 
gives  the  time  in  1 second  increments.  The  1 millimeter 
division  on  the  chart  correspond  to  a recording  speed  of  1 
millimeter  per  second  used  during  the  trials. 


Rudder  Movement  Voltage  Trace 


Rudder  Amidships 

/Position 
_ (2.3  Volts) 


Figure  42.  Example  of  Rudder  Angle  Voltage  Recording 
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The  horizontal  centerline  of  the  chart  in  Figure  42 
corresponds  to  a rudder  amidships  position  and  a voltage 
of  2.3  volts.  Values  above  the  centerline  measure  port  or 
left  rudder  angles j below,  starboard  or  right  rudder  angles. 

Eq.  13  below  was  used  to  translate  voltage  measurements 
into  rudder  angles. 

5 = -70.2  + arcCos(0. 8845  - 0.2058V  - 0.0137V2)  (13) 

where 

8 = rudder  angle,  degrees 
V = measured  voltage  . 

This  equation  employed  common  notation  for  angluar  direction 
in  which  clockwise  (port)  rudder  movements  relative  to  the 
tow's  longitudinal  axis  were  positives  counter-clockwise 
movements  were  negative  [9]. 

Rudder  angle  and  time  data  for  each  trial  run  were 
coded  onto  80-column  IBM  cards  and  stored  on  magnetic  tape. 
These  data  provided  the  degrees  of  rudder  in  use  at  each 
second  of  time  during  the  trials  with  an  estimated  accuracy 
of  - 0.2°  for  rudder  angles  and  - 1 second  for  time. 


IX.  ENGINE  PARAMETER  DATA  PROCESSING 


The  performance  of  the  engines  during  the  trials  were 
measured  by  two  primary  variables — shaft  horsepower  (SHP) 
and  shaft  revolutions  per  minute  (SRPM).  These  measurements 
were  recorded  by  Dravo  personnel  approximately  once  every 
minute  for  both  the  starboard  and  port  engines  during  seven 
of  the  eight  trial  runs.  No  engine  measurements  were  taken 
for  trial  run  7.  the  southbound  trial  run  around  Wilkinson 
Point  bend.  For  this  run,  the  engines  were  maintained  at 
an  approximately  constant  speed  and  values  for  SHP  and  SRPM 
estimated . 

After  the  trials,  Dravo  processed  the  recorded  engine 
data  and  furnished  these  data  to  RMSA.  In  addition  to  the 
SHP  and  SRPM  data,  engine  horsepower  (BHP)  and  engine  revolu- 
tions per  minute  (ERPM)  data  were  also  provided  for  each 
engine  at  one  minute  intervals.  These  data,  given  in  Appendix 
B , were  coded  onto  80-column  IBM  cards,  entered  into  the 
computer,  and  placed  on  magnetic  tape  for  processing. 

Computer  processing  of  engine  data  was  limited  to 
providing  a second-by-second  array  of  SHP,  SRPM,  and  ERPM 
values  for  each  engine  conforming  to  the  format  adopted  for 
the  tow  position  and  rudder  angle  data.  To  obtain  measure- 
ments for  each  second,  a polynomical  of  the  form  SHP  = 

p 

a + bt  + ct  was  solved  using  simultaneous  equations  for 
three  adjacent  SHP  values.  The  resulting  equation  was  then 
used  to  calculate  SHP  values  for  each  second  of  time  in  the 
interval  between  recorded  SHP  values.  Similar  computations 
were  made  on  the  other  variables  resulting  in  estimates  for 
each  engine  at  each  second  during  the  trials.  The  values  for 
the  port  and  starboard  engines  were  then  added  (for  SHP)  or 
averaged  (for  SRPM  and  ERPM)  to  obtain  combined  performance. 


' 


Appendix  A contains  examples  of  the  computerized  engine 
data  with  Table  A. 3 showing  the  data  prior  to  processing  and 
Table  A. 10  showing  the  final  form  of  the  computerized  engine 
data.  Engine  horsepower  (BHP)  was  omitted  to  conserve  computer 
space  since  SHP  was  considered  a constant  98  percent  of  BHP. 
ERPM  could  have  been  omitted  as  well  because  the  ratio  of 
ERPM  to  SRPM  was  constant  at  3‘^7»1.  ERPM  was  included, 
however,  to  provide  a more  complete  array  of  towboat  perform- 
ance parameters. 
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X.  WATERWAY  PARAMETER  DATA  PROCESSING 


While  most  of  the  data  processing  activities  related  to 
obtaining  second-by-second  measures  of  tow  performance  such  as 
speed,  attitude,  and  position,  a significant  amount  of  effort 
was  spent  developing  second-by-second  descriptions  of  the  water- 
way environment.  These  waterway  parameters  were,  for  the  most 
part,  extrapolated  from  river  charts  of  the  area  showing  depth 
and  river  bank  and  bottom  contours.  The  limited  current  measure- 
ments taken  prior  to  the  trials  were  the  only  waterway  parameters 
actually  measured. 

10.1  Current  Velocity  Calculations 

The  current  measurements  described  in  Section  III  were 
obtained  at  two  locations  along  the  test  course  as  shown  by  boxed 
in  values  in  Table  25.  The  first  current  measurements  were 
taken  at  the  Transponder  2 site  between  the  north  range  and  190 
Bridge.  The  second  measurements  were  taken  in  the  mid- channel 
area  of  Wilkinson  Point  bend  south  of  Transponder  4. 

These  current  data  were  then  plotted  and  averaged  to  give 
current  velocity  vectors  at  two  geographic  points  in  the  river. 

The  vectors  were  then  compared  with  the  river  depth  profiles  C10! 
at  these  two  points  to  determine  if  the  computed  current  path 
was  parallel  to  the  maximum  flow  path  indicated  by  the  profiles 
— in  each  case  they  were. 

Based  upon  this  and  using  Reference  10,  an  estimated  current 
path  was  drawn  from  one  end  of  the  trial  area  to  the  other  which 
passed  through  the  two  measured  current  points.  Tangents  to  this 
path  were  drawn  at  nine  points  (three  in  the  bend  area  and  six 
in  the  straight  course  area)  and  the  true  direction  of  the  tangents 
taken  from  a chart.  Table  25  lists  the  true  direction  of  the 
current  for  these  locations. 


Table  25.  Current  Velocity  Data 


a 

River  Coordinates,  ft 

Velocity, 

fnsb 

Direction 

Area0 

X 

Y 

vc  * 

Y 

T , deg. 

A , ft2 

Straight  Test  Course 

651,100 

653,000 

656,500 

659,700 

662,900 

2.88  -2.87 
2.90  -2.90 

2.77  -2.72 

2.76  -2.71 
2.87  -2.87 

0.20 

-0.05 

-0.53 

-0.53 

0.05 

176 

181 

191 

191 

179 

77.500 

73.500 

96.500 
98,750 

78.500 

665,400 

— 

2.80  -2.77 

0.39 

172 

91,000 

Bend  Area 

671,400 

43,000 

2.82  -2.72 

0.73 

165 

88,000 

674,000 

41 , 400 

2.20  -1.29 

1.78 

126 

198,000 

674,700 

39,100 

2.24  0.52 

2.22 

84 

191,750 

a.  Transformed  Lambert  Coordinates  with  X positive  north, 

Y positve  east^g  Y values  are  equivalent  to  Lambert 
X minus  2 x 10“  feet.  Y values  for  the  straight 
test  course  were  omitted  because  the  river  had  a 
north-south  orientation. 

b.  V = (X2  +,Y2)^  where  X is  the  velocity  along  the 

CX  axis,  Y along  the  Y axis. 

c.  These  data  estimated  to  be  accurate  to  - 5 percent. 


Having  determined  current  direction  (T)  along  the  river, 
the  next  step  was  to  estimate  current  velocity  variations.  This 
was  done  by  comparing  the  approximate  cross-section  area  of  the 
river  at  the  two  points  where  current  velocity  had  been  measured. 
In  the  Wilkinson  Point  bend  area,  the  measured  current  velocity 
was  2.2  feet/second  and  the  estimated  cross-sectional  area  of  the 
river  was  198,000  square  feet.  South  of  the  190  Bridge,  the 
measured  current  velocity  was  2.8  feet/second  and  the  estimated 
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cross-sectional  area  of  the  river  was  91,000  square  feet.  These 
data  were  used  to  solve  a simple  linear  equation  with  V,.,  the 
current  velocity  in  feet/second,  made  a function  of  A,  the  river 
cross-sectional  area  in  square  feet,  and  given  by 

Vc  = 3.31  - (5.61  x 10"6).A  . (14) 

Reference  10  was  used  to  estimate  the  cross  section  areas 
at  seven  additional  points  along  the  test  course.  These  values, 
shown  in  Table  25 1 were  then  used  in  Eq.  14  to  calculate  the 
corresponding  current  velocities  shown  as  Vc  in  Table  25.  The 
velocity  components  along  the  X and  Y axes  (X,Y)  were  then 
computed  from  the  current  direction  (T)  and  velocity  ( Vc ) data 
as  follows! 

X=Vc.cos(T),  (15) 

Y = Vc-sin(T)  . (16) 

The  X and  Y data  in  Table  25  were  incorporated  in  the 
computer  program  to  estimate  the  current  effect  felt  by  the 
tow  as  it  moved  over  the  test  course.  The  position  of  the  bow 
was  used  to  compute  the  river  current  felt  by  the  tow  for  each 
second  of  a trial  run.  This  was  done  using  the  bow  antenna's 
X coordinate  to  interpolate  between  the  X coordinates  for  the 
current  data  given  in  Table  25.  Because  the  X coordinate  of 
the  bow  was  never  greater  than  6? 4,700  in  the  bend  area  and 
because  the  course  of  the  river  was  parallel  to  the  X axis  over 
the  straight  course  trial  area,  interpolation  with  respect  to 
the  Y axis  was  not  required.  When  the  X position  of  the  uow 
was  less  than  (south  of)  651,100,  the  current  was  assumed  constant 
at  X = 2.8?  feet/second  and  Y = 0.20  feet/second.  Examples  of 
the  resulting  computerized  current  data  are  given  in  Appendix  A, 
columns  35  and  36  of  Table  A. 10. 
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10.2  Depth  of  Water,  Distance  from  Bank  Calculations 

During  the  trials,  the  tow's  movement  along  the  river  was 
influenced  by  the  depth  of  water  through  which  it  traveled  as 
well  as  the  distance  between  it  and  the  river  banks  on  each 
side.  It  was  hoped  that  depth  measurements  could  be  obtained 
from  fathometer  readings  during  the  trials  and  incorporated 
directly  into  the  computerized  tow  trial  data  base.  This  was 
not  possible  because  the  fathometer  in  the  pilothouse  was  difficult 
to  read  without  interfering  with  the  pilot  during  the  trials. 

As  a result,  the  water  depth  and  bank  distance  data 
incorporated  in  the  trial  data  base  were  obtained  by  plotting 
the  positions  of  the  pilothouse  and  bow  antennas  at  about  1 minute 
intervals  for  each  trial  run  on  the  enaits  contained  in  Reference 
10.  These  charts  gave  relatively  well  defined  river  bank  con- 
tours which  allowed  the  distance  between  each  bank  and  the  plotted 
antenna  positions  to  be  measured.  These  distances  were  estimated 
to  be  within  25  feet  of  the  actual  distance  between  bank  and  tow. 

Depth  of  water  at  the  plotted  tow  positions  were  interpolated 
from  these  same  charts.  Cross-sectional  depth  profiles  were 
given  approximately  every  1000  feet  along  the  test  course  with 
the  depth  of  the  water  shown  in  feet  at  100  foot  intervals  across 
the  river.  The  resulting  depth  data  were  estimated  to  be 
accurate  to  - 5 percent  when  corrected  for  the  5*6  foot  gage 
reading  at  the  time  of  the  trials. 

The  distances  between  bank  and  tow,  the  interpolation  depths, 
and  the  corresponding  trial  times  for  each  run  were  coded  onto  80  - 
column  IBM  cards  and  stored  as  digital  records  on  magnetic  tape. 
Examples  of  the  initial  computerized  depth  data  are  shown  in 
Appendix  A,  Table  A. 3.  columns  37  and  38.  Examples  of  the  initial 
computerized  data  giving  the  distances  between  pilothouse  and  bow 
antennas  and  each  river  bank  are  given  in  Table  A. 4 of  Appendix  A. 
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Because  these  data  were  obtained  at  about  1 minute  intervals, 
a three-point  interpolation  algorithm  in  the  computer  program 
was  used  to  calculate  values  for  each  second  of  a trial  run. 
Examples  of  the  final  data  were  given  in  Appendix  A,  in  Table 
A. 10  for  water  depth,  and  in  Table  A. 11  for  the  distances 
between  the  tow  and  river  banks. 
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APPENDIX  A. 

Computerized  Trial  Data  Examples 

This  section  contains  examples  of  the  digital  computer  records 
developed  from  the  tow  trial  measurements.  The  purpose  of  this 
section  is  to  show  the  evolutionary  nature  of  the  data  processing 
activity  undertaken  in  this  project  using  printouts  of  106  seconds 
of  recorded  data  from  the  first  part  of  Run  1 as  tabular  examples. 
Sections  VII  through  X of  the  report  describe  the  data  processing 
sequence  used  to  generate  the  tables  in  Appendix  A. 

Each  of  the  following  tables  are  taken  from  2 standard  11"  x 
15"  printout  pages  generated  by  the  report  writing  section  of  the 
computer  program.  The  tables  have  literal  column  descriptions  at 
the  top  with  the  columns  numbered  at  the  bottom  from  1 to  42.  The 
local  time  of  each  trial  (hours iminutes : seconds ) is  given  in  the 
left  hand  column  of  each  table  with  the  data  record  index  time 
(in  seconds)  next  to  it. 

The  report  writer  used  four  page  formats  to  list  the  data.  The 
first  page  format  contains  12  numbered  columns  with  the  edited  Mini- 
ranger ranges  in  columns  1 through  4,  the  adjusted  and  smoothed 
ranges  in  columns  5 through  8,  and  the  smoothed  tow  antenna  X,Y 
coordinates  in  columns  9 through  12.  Note,  the  X and  Y axes  are 
not  Lambert  coordinates  but  refer  to  the  transformed  axes  in  which 
X is  positive  north  and  Y is  positive  east.  In  these  tables,  Y is 
the  transformed  Lambert  X coordinate  with  2 x 10^  feet  subtracted. 

The  second  page  format  contains  13  columns  numbered  from  13 
through  25.  Columns  13  through  24  give  tow  position,  heading, 
velocity,  and  acceleration  data  typically  used  to  describe  vehicle 
motion.  Column  25  gives  the  rudder  angles  recorded  during  the 
trials. 
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The  third  page  format  contains  13  columns  numbered  from  26 
to  38.  Columns  26  through  34  contain  engine  measurements  obtained 
during  the  trials.  Columns  35  and  J6  contain  the  computed  X,Y 
current  velocities  and  columns  37  and  38  the  chartered  river 
depth  at  the  bow  and  stern  of  the  tow. 

The  fourth  page  contains  four  columns  numbered  from  39  to 
42.  These  columns  list  the  distance  in  feet  between  the  river 
banks  and  the  pilothouse  and  bow  antennas. 

Tables  A.l,  A. 2,  A. 3 and  A. 4 (corresponding  to  the  four  page 
formats)  show  the  digitized  data  base  at  the  start  of  the  computer 
processing  sequence.  These  tables  show  that  only  17  of  the  42 
columns  contained  data;  and,  much  of  this  data  at  intervals  of  a 
minute  or  more. 

The  first  step  in  the  processing  sequence  was  to  adjust  the 
range  measurements  in  columns  1,  3,  and  4 for  the  time  and  height 
differences  and  place  the  new  range  values  in  columns  5.  7,  and  8 
as  shown  in  Table  A. 5*  The  range  data  in  column  2 did  not  require 
these  adjustments. 

The  next  processing  step  smoothed  the  adjusted  range  measure- 
ments and  used  the  regression  equations  to  compute  ranges  where 
none  were  recorded.  The  results  of  this  step  were  shown  in 
Table  A. 6 with  columns  5-8  completely  filled  with  non-zero  range 
values.  The  range  data  in  column  2 were  placed  in  column  6 after 
smoothing. 

Next,  the  smoothed  range  values  in  column  ' 5-8  and  the  known 
transponder  coordinates  were  used  to  compute  the  geographic  X and 
Y coordinates  for  the  pilothouse  and  bow  antennas.  These  computed 
coordinates  were  then  smoothed  as  shown  by  the  values  in  columns 
9-12  in  Table  A. 7.  The  data  in  columns  9-12  of  Table  A. 7 form  the 


primary  position  descriptors  used  to  compute  parameters  describing 
tow  motion.  Table  A.  7 also  lists  the  final  form  of  the  data  stored 
on  magnetic  tape. 

The  next  steps  use  the  smoothed  antenna  X,Y  data  to  compute 
tow  heading,  yaw  rate,  and  yaw  acceleration  (column  15,  19.  and 
24,  respectively).  The  heading  angle  and  pilothouse  antenna 
coordinates  are  then  used  to  compute  the  X and  Y coordinates  for 
the  tow's  center  of  gravity  (columns  13  and  14).  The  values 
obtained  from  these  tow  steps  are  shown  in  Table  A, 8. 

Following  the  computation  of  the  coordinates  for  the  center 
of  gravity,  the  next  step  smoothed  this  data  and  differentiated 
the  smoothing  regression  equations  to  obtain  the  tow's  X and  Y 
velocities  (given  in  columns  16  and  17).  These  velocities  were 
then  smoothed  with  the  smoothing  equations  differentiated  to 
obtain  the  X and  Y accelerations  listed  in  columns  21  and  22. 
Resultant  velocities  and  accelerations  were  then  computed  for 
columns  18  and  23,  respectively.  The  smoothed  velocity  data  in 
columns  16  and  17  and  heading  angle  data  in  column  15  were  then 
used  to  compute  the  tow's  drift  angle  in  column  20.  These  steps 
completed  the  processing  sequence  for  the  data  in  columns  13-25 
and  resulted  in  the  final  data  array  shown  in  Table  A.  9- 

Table  A. 10  shows  the  engine  performance  data  (columns  26-31) 
after  three-point  interpolation  was  used  to  provide  performance 
measures  for  each  second  during  the  run.  Columns  26  and  29  were 
then  added  to  obtain  the  total  shaft  horsepower  given  in  column 
32.  Port  and  starboard  shaft  and  engine  RPM  data  (columns  27  and 
30,  28  and  31,  respectively)  were  averaged  and  placed  in  columns 
33  and  34. 

Table  A. 10  also  shows  water  depth  at  the  stern  and  bow  for 
each  second  of  the  rur.  (columns  37  and  38)  derived  from  three-point 


interpolation  of  the  limited  depth  data  provided  at  the  start 
of  the  processing  (Table  A. 4,  columns  37  and  38).  Current 
velocities  at  the  bow  of  the  tow  are  listed  in  columns  35  and 
36  of  Table  A. 10  relative  to  the  X and  Y axes.  This  allows 
tow  speed  through  the  water  in  feet/second  to  be  calculated  at 
each  second  of  the  run  by« 

Vwater  = C(Co1  ^ - Col.  35 ) 2 + (Col.  1?  - Col.  36)2]*. 

The  last  processing  step  used  three-point  interpolation  to 
develop  distances  between  each  river  bank  and  each  antenna  on 
the  tow  as  shown  in  Table  A. 11,  columns  39-42.  Table  A. 11 
together  with  Tables  A. 7,  A. 9,  and  A. 10  are  examples  of  the 
final  digital  records  available  after  the  trial  data  had  been 
processed. 


Table  A.l  Page  One,  Initial  Data 
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Table  A. 7 Page  One,  Smoothed  Antenna  Coordinates 


Table  A. 8 Page  Two,  Center  of  Gravity  and  Yaw  Data 


Table  A. 9 Page  Two,  Smoothed  Velocity  and  Acceleration  Data 
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Table  A. 11  Page  Four,  Interpolated  Distance-Off  Data 
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APPENDIX  B. 

Horsepower  and  RPM  Measurements 

The  measurements  of  shaft  horsepower  (SHP).,  shaft  revolutions 
per  minute  (SRPM),  brake  horsepower  ( BHP ) , and  engine  revolutions 
per  minute  (ERPM)  obtained  by  Dravo  during  the  trials  are  contained 
in  this  section.  SHP  is  a constant  98  percent  of  BHP  and  SRPM 
a constant  28.82  percent  of  ERPM. 

All  values  in  the  following  tables  are  rounded  to  the  nearest 
whole  number.  The  recorded  time  in  hours  and  minutes  refers  to 
local  Baton  Rouge  time  on  November  23 1 1976  and  corresponds  to  the 
clock  times  used  throughout  the  report. 
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Table  B.l  Trial  Run  1 
Straight  Course,  Full  Power,  Upriver 


Port  Engine 


Starboard  Engine 


Both  Engines 


Time 

SRPM  SHP 

ERPM  BHP 

SRPM  SHP 

ERPM  BHP 

SRPM  SHP 

ERPM 

BHP 

2il8 

230  1857 

798  1895 

«19 

230  1870 

798  1907 

220  1571 

763  1603 

225  3441 

781 

3511 

1 20 

230  1882 

798  1921 

221  1543 

767  1575 

226  3426 

782  3495 

1 21 

230  1795 

798  1832 

222  1515 

770  1546 

226  3310 

784  3378 

> 22 

230  1708 

798  1743 

222  1504 

770  1534 

226  3211 

784  3277 

• 23 

228  1693 

791  1727 

222  1492 

770  1522 

225  3185 

781 

3250 

s 24 

226  1678 

784  1712 

222  1500 

770  1530 

224  3178 

777 

3243 

'25 

228  1681 

791  1715 

222  1508 

770  1538 

225  3188 

781 

3253 

\26 

228  1681 

791  1715 

222  1461 

770  1490 

225  3141 

781 

3205 

«27 

228  1680 

791  1715 

221  1466 

767  1496 

225  3146 

779 

3210 

«28 

229  1682 

795  1716 

220  1471 

763  1501 

225  3152 

779 

3217 

'29 

230  1683 

798  1717 

220  1463 

763  1493 

225  3146 

781 

3210 

830 

228  1680 

791  1714 

220  1455 

763  1485 

224  3135 

777 

3199 

' 31 

228  1668 

791  1702 

220  1440 

763  1469 

224  3107 

777 

3171 

*32 

228  1674 

791  1708 

220  1455 

763  1485 

224  3129 

777 

3193 

*33 

228  1680 

791  1714 

221  1462 

767  1492 

225  3142 

779 

3206 

« 34 

228  1692 

791  1727 

222  1469 

770  1499 

225  3161 

781 

3225 

•35 

227  1691 

788  1725 

220  1455 

763  1485 

224  3146 

776 

3210 

« 36 

226  1689 

784  1724 

220  1459 

763  1489 

223  3149 

774  3213 

>37 

220  1463 

763  1493 

Table  B.2  Trial  Run  2 
Straight  Course,  Full  Power,  Downriver 


Port  Engine  Starboard  Engine  Both  Engines 


Time 

SRPM 

SHP 

ERPM 

BHP 

SRPM 

SHP 

ERPM 

BHP 

SRPM 

SHP 

ERPM 

BHP 

3>oo 

222 

1776 

770 

1813 

*01 

224 

1762 

777 

1798 

222 

1532 

770 

1563 

223 

3294 

774 

3361 

1 02 

226 

1747 

784 

1783 

221 

1509 

76? 

1540 

224 

3256 

776 

3323 

*03 

226 

1705 

784 

1739 

220 

1487 

763 

1517 

223 

3191 

774 

3257 

*04 

226 

1662 

784 

1696 

220 

1495 

763 

1525 

223 

3157 

774 

3221 

*05 

227 

1676 

788 

1710 

220 

1503 

763 

1533 

224 

3178 

776 

3243 

j06 

228 

1689 

791 

1724 

220 

1491 

763 

1521 

224 

3130 

777 

3245 

*07 

226 

1662 

784 

1696 

220 

1479 

763 

1509 

223 

3141 

774 

3205 

00 

o 

228 

1677 

791 

1711 

220 

1479 

763 

1509 

224 

3156 

777 

3220 

*09 

227 

1663 

788 

1697 

222 

1485 

770 

1515 

225 

3148 

779 

3212 

*10 

226 

1650 

784 

1683 

221 

1478 

767 

1508 

224 

3128 

776 

3192 

111 

228 

1652 

791 

1685 

220 

1471 

763 

1502 

224 

3123 

777 

3187 

Table  B.3  Trial  Run  3 
Straight  Course,  3/4  Power,  Upriver 
Port  Engine  Starboard  Engine  Both  Engines 


Time 

SRPM 

SHP 

ERPM 

BHP 

SRPM 

SHP 

ERPM 

BHP 

SRPM 

SHP 

ERPM 

BHP 

3*41 

202 

1190 

701 

1214 

«42 

203 

1196 

704 

1220 

198 

1073 

687 

1095 

201 

2269 

696 

2316 

*43 

204 

1202 

708 

1226 

199 

1086 

691 

1108 

202 

2287 

699 

2334 

*44 

204 

1212 

708 

1237 

200 

1098 

694 

1121 

202 

2311 

701 

2358 

*45 

204 

1212 

708 

1237 

200 

1084 

694 

1106 

202 

2297 

701 

2344 

*46 

204 

1212 

708 

1237 

200 

1077 

694 

1099 

202 

2290 

701 

2337 

*47 

205 

1218 

711 

1243 

200 

1070 

694 

1092 

203 

2288 

703 

2335 

00 

206 

1224 

?15 

1249 

200 

1070 

694 

1092 

203 

2294 

704 

2341 

«49 

204 

1201 

708 

1226 

200 

1070 

694 

1092 

202 

2271 

701 

2318 

*50 

204 

1223 

708 

1248 

200 

1070 

694 

1092 

202 

2293 

701 

2340 

*51 

205 

1224 

711 

1254 

200 

1077 

694 

1099 

203 

2306 

703 

2353 

*52 

206 

1235 

715 

1260 

200 

1077 

694 

1099 

203 

2312 

704 

2359 

*53 

208 

1247 

722 

1272 

200 

1077 

694 

1099 

204 

2324 

708 

2372 

*54 

206 

1240 

715 

1266 

200 

1077 

694 

1099 

203 

2318 

704 

2365 

*55 

204 

1234 

708 

1259 

Table  B.4  Trial  Run  4 


Straight  Course,  1/2  Power,  Downriver 


Time 

Port  Engine 

SRPM  SHP  ERPM 

BHP 

Starboard  Engine 

SRPM  SHP  ERPM  BHP 

Both  Engines 

SRPM  SHP  ERPM  BHP 

4«23 

174 

827 

6o4 

844 

«24 

174 

812 

605 

828 

167 

641 

579 

654 

171  1452 

592  1482 

• 25 

175 

198 

606 

814 

167 

647 

579 

660 

171  1444 

593  1474 

1 26 

175 

783 

607 

799 

167 

652 

579 

666 

171  1436 

593  1465 

• 27 

175 

779 

607 

794 

167 

658 

579 

672 

171  1437 

593  1466 

• 28 

175 

774 

607 

789 

167 

655 

579 

669 

171  1429 

593  1458 

• 29 

175 

774 

607 

789 

167 

653 

579 

666 

171  1426 

593  14 55 

• 30 

175 

774 

607 

789 

167 

653 

579 

666 

171  1426 

593  1^55 

• 31 

175 

773 

607 

789 

167 

652 

579 

666 

171  1426 

593  1455 

• 32 

175 

773 

607 

789 

167 

653 

579 

666 

171  1426 

593  1455 

‘ «33 

175 

773 

607 

789 

167 

659 

579 

672 

171  1432 

593  1461 

• 34 

175 

773 

607 

789 

167 

653 

579 

666 

171  1426 

593  1455 

• 35 

175 

773 

607 

789 

Table  B.5  Trial  Run  5 


Zig-Zag,  Full  Power,  Upriver 


Port  Engine 

Starboard  Engine 

Both  Engines 

3 

Time 

SRPM  SHP 

ERPM  BHP 

SRPM  SHP 

ERPM  BHP 

SRPM  SHP 

ERPM 

BHP 

5«ll 

228  1753 

791  1788 

«12 

227  1745 

788  1781 

222  1534 

770  1565 

225  3279 

779 

3346 

*13 

226  1737 

784  1773 

221  1519 

767  1550 

224  3257 

776 

r\ 

CM 

«14 

226  1719 

784  1754 

220  1504 

763  1536 

223  3224 

774 

3290 

*15 

226  1701 

784  1736 

220  1497 

763  .1528 

223  3198 

774 

3263 

tl6 

228  1704 

791  1739 

220  1489 

763  1520 

224  3193 

777 

3259 

*17 

227  1709 

788  1744 

222  1471 

770  1501 

225  3180 

779 

3245 

«18 

226  1713 

784  1748 

221  1457 

767  1487 

224  3170 

776 

3235 

*19 

228  1716 

791  1751 

220  1442 

763  1472 

224  3159 

777 

3223 

1 20 

228  1704 

791  1739 

220  1474 

763  1504 

224  3178 

777 

3242 

1 21 

228  1692 

791  1726 

220  1489 

763  1520 

224  3181 

777 

3246 

« 22 

228  1740 

791  1776 

220  1505 

763  1536 

224  3245 

777 

3311 

*23 

228  1655 

791  1689 

220  1489 

763  1520 

224  3144 

777 

3208 

«24 

229  1680 

795  1715 

222  1558 

770  1590 

226  3238 

782 

3304 

*25 

230  1706 

798  1741 

221  1519 

767  1550 

226  3226 

782 

3291 

«26 

229  1705 

795  1740 

220  1481 

763  1512 

225  3187 

779 

3252 

*27 

228  1704 

791  1739 

219  1502 

760  1532 

224  3206 

776 

3272 

«28 

229  1731 

795  1766 

218  1522 

756  1553 

224  3253 

776 

3319 

*29 

230  1758 

798  1793 

217  1469 

753  1499 

224  3226 

776 

3292 

■3P 

216  1416 

750  1445 

Table  B.6  Trial  Run  6 


Steady  Turn,  l/2  Power,  Upriver 


Port  Engine 

Starboard 

Engine 

Both  Engines 

Time 

SRPM 

SHP 

ERPM 

BHP 

SRPM  SHP  ERPM 

BHP 

.SRPM  SHP 

ERPM 

BHP 

5«4l 

176 

860 

611 

878 

»42 

176 

856 

611 

873 

174  680 

604 

694 

175  1536 

607  1568 

*43 

176 

842 

611 

859 

173  701 

600 

715 

175  1543 

606 

1575 

.44 

178 

833 

618 

850 

172  721 

597 

736 

175  1554 

607  1585 

t45 

178 

861 

618 

879 

174  773 

604 

788 

176  1634 

611 

1667 

1 46 

178 

890 

618 

908 

172  767 

597 

782 

175  1657 

607 

1690 

»47 

177 

890 

6l  4 

908 

170  761 

590 

776 

174  1651 

602 

1684 

*48 

176 

889 

611 

898 

171  762 

593 

778 

174  1642 

602 

1676 

i49 

176 

785 

611 

801 

172  763 

597 

779 

174  1549 

604  1580 

*50 

170  671 

590 

681* 

Table  B.8  Trial 

Run 

8 

Zig-Zag, 

Full  Power, 

Downriver 

Port  Engine 

Starboard 

Engine 

Both  Engines  1 

Time 

SRPM 

SHP 

ERPM 

BHP 

SRPM  SHP  ERPM 

BHP 

SRPM  SHP 

ERPM 

BHP 

6:39 

226  1749 

784  1785 

:40 

228  1655 

791 

1688 

220  1513 

763  1543 

224  3167 

777 

3232 

:4l 

228  1679 

791 

1714 

222  1464 

770  1493 

225  3143 

781 

3207 

:42 

228  1649 

791 

1682 

222  1511 

770  1541 

225  3159 

781 

3224 

.43 

228  1679 

791 

1713 

223  1490 

772 

1521 

225  3169 

782  3234 

.44 

228  1673 

791 

1707 

223  1470 

774 

1500 

226  3143 

782 

3207 

:45 

228  1667 

791 

1701 

222  1449 

769  1478 

225  3115 

780 

3179 

«46 

228  1692 

791 

1726 

220  1427 

763  1456 

224  3119 

777 

3182 

:47 

228 

1728 

791 

1763 

220  1458 

763  1488 

224  3186 

777 

3251 

:48 

228 

1710 

791  1745 

220  1551 

763  1583 

224  3261 

777 

3328 

»49 

228  1691 

791  1756 

221  1531 

767  1563 

225  3223 

779 

3288 

8 50 

222  1511 

770 

1542 
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